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FOREWORD 


When Drs Rizzo and Arduini asked me to write this preface, I was honored and thrilled to have the opportunity to 
introduce this outstanding work! 


Examining the fetal heart has always presented a huge challenge for ultrasound specialists. When I started in 
ultrasound 30 years ago, no one knew how to perform or even attempt the examination of the heart. Fetal 
echocardiography has progressed very rapidly, fueled by advances in image quality as well as increasing focus of 
the ultrasound community on the need for a proper examination of the heart. Even today, the detection of congenital 
heart defects remains at the very bottom of the list of identifiable abnormalities on a standard fetal sonogram, and 
well under 50% of congenital heart defects are identified by prenatally. Detection of congenital heart disease has 
lagged behind the successful detection of other abnormalities of the fetus despite our best attempts to teach the 
necessary skills. The fetal heart is a difficult organ to evaluate due its very small size, complex anatomy, dynamic 
blood flow physiology, as well as rapid rhythmical movement. 


The importance of evaluating the heart cannot be over emphasized. Heart defects are among the most common 
malformations in the developing fetus and many of these anomalies are part of complex syndromes such as 
aneuploidies. Heart anomalies that occur as isolated defects are among the most challenging to detect, but are 
particularly important due to the need to prepare for a potentially sick newborn at delivery. I remember back in the 
early 80’s when I first started in fetal ultrasound, the heart remained an enigma for many years and it was only after 
I missed several congenital heart defects in a row that I took on the enormous task of understanding the fetal heart 
and how it works. Unfortunately back then we did not have any books or educational aids such as Drs Rizzo and 
Arduini’s wonderful e-book to guide us in learning how to evaluate the fetal heart. 


I have been impressed for many years with the careers of Dr. Rizzo and Dr. Arduini who have made enormous 
contributions in the field of fetal imaging and in particular fetal echocardiography. They have both published 
extensively on this subject and are extremely well qualified to write and edit such a book. Drs Rizzo and Arduini 
have made significant contributions in fetal echocardiography over many years and have been instrumental in 
developing many of the Doppler aspects of the fetal heart evaluation. They have assembled an impressive group of 
authors here, and have edited a first class book on 3-D and 4-D of the fetal heart. They have understood that 3-D and 
4-D volume imaging are necessary to evaluate the fetal heart due to its inherent complexity of motion, flow and 
anatomy. 


The book is very well organized in multiple short chapters that are beautifully illustrated both with ultrasound 
images and diagrams. Initially, they introduce the subject with a chapter on the epidemiology of fetal heart defects 
and why they are important. Next are the basic chapters on screening and on normal anatomy, which are key for the 
beginners as well as the more seasoned examiner. The following chapters introduce 3-D and 4D ultrasound, starting 
with technical aspects of how to obtain a good image. Many practitioners are intimidated by the complexity of 
obtaining 3-D and 4-D images. The chapters that introduce the technical aspects of 3-D such as image display and 
manipulation of the image are all superb introductions on how to produce the best image. The book then focuses on 
3-D and 4-D evaluation of blood flow using Doppler, a key subject in the evaluation of the heart. Additional 
chapters cover new technologies, such as the use of the matrix probe and the automated screening possibilities for 
the fetal heart. This volume includes the often forgotten venous anatomy of the heart and its connections, an 
extraordinarily valuable chapter. The chapters on anomalies are divided into septal defects, right heart, left heart, 
and cono truncal abnormalities and each chapter combines 2-D, 3-D/4-D and Doppler in the demonstration of these 
malformations. The book also describes the state of the art for 1 trimester echocardiography, followed by 
quantitative aspects of the function of the fetal heart including stroke volume and cardiac output. The last chapter 
involves other forms of imaging of the fetal heart, such as, MRI. 


This book, while very comprehensive, remains simple in its approach. It makes a very complex and rather 
intimidating organ accessible to both the novice and the seasoned examiner. Furthermore, this book is presented as 
an E book which is a very innovative format, awaited with great anticipation. Such novel media will challenge the 
primacy of bulky printed books. Many books will soon be available as E books and carried as a small discrete 
thumb-drive or even down loaded perhaps on an electronic device such as a Kindle. Electronic versions of books are 
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the future of our industry and Drs. Rizzo and Arduini have stepped up to the plate in choosing such a modern and 
practical display for their book. 


In conclusion, I am very excited about this E book, not only because of its superbly organized, well illustrated and 
presented content, but also because as an E book it can be carried and propagated throughout our community much 
more easily than a hard copy book would be. The authors have succeeded admirably in their endeavor to produce 
what promises to be a outstanding resource on the examination of the fetal heart. 


Beryl R. Benacerraf M.D. 


Clinical Professor of OB GYN and Radiology 
Harvard Medical School 
Boston Massachusetts 


PREFACE 


The examination of the fetal heart is part of the comprehensive fetal scan, but this examination is still considered a 
challenge even for experienced sonographers. Over the years the number of ultrasound techniques used in fetal 
cardiology impressively increased and no other fetal organ is examined with as many modalities as the fetal heart 
including high resolution two dimensional (2D) imaging, M-mode examination, spectral, color, power, high- 
definition digital Doppler, B flow as well as tissue Doppler. It is, however, common knowledge that despite the 
availability of all these technologies, screening programs, especially when limited to the study of the “four chamber 
view”, have shown disappointing low detection rates for congenital heart disease (CHD). Although the 
identification of CHD can be improved by routinely visualizing the outflow tracts, their diagnosis is greatly affected 
by the skill of the operator as well as his ability to interpret the findings. 


Very recently three- and four- dimensional (3D and 4D) technologies have been introduced in fetal cardiology and 
have revolutionized the way in which it is possible to study the heart. 4D ultrasonography may reduce the operator 
dependency of CHD diagnosis and adds the possibility to obtain offline virtual planes in cardiac examinations, 
views of the fetal heart difficult or impossible to obtain with conventional 2D ultrasound. 


This new fetal cardiology ebook, we believe, will be of great value for all practicing clinicians wanting to start the 
study of the fetal heart with 4D ultrasonography. We have chosen a panel of contributors that are both leaders in this 
field and can represent the differences in practice between Europe and United States This is a comprehensive guide 
intended for anyone interested in fetal heart scanning performing both routine screening ultrasonographic 
examinations and targeted heart scans. It aims to assist the reader with the following questions: how can I use this 
technology to acquire cardiac volumes?, how do I handle cardiac volume data sets after acquisition? , how can I 
improve diagnosis and definition of CHD? 


It is our hope that this book will provide a bridge between scientists using and testing new technologies for research 
purposes and clinicians wishing to improve their daily practice. 


Domenico Arduini Giuseppe Rizzo 
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CHAPTER 1 


Epidemiology of Congenital Heart Diseases 
Maurice Guirgis* 
Service Explorations Fonctionnelles Hospital Robert Debré PARIS- FRANCE 


Abstract: Congenital heart defects (CHD) are among the most common birth defects, occurring in 5 to 10 per 
100 live births. This substantial variation in the reported epidemiology of CHD is due to differences in applied 
methodologies. An increasing total prevalence of CHD has been recently reported, mainly due to increase in 
prevalence of small defects easily diagnosed by echocardiography, as well as an increase in prevalence of 
conotruncal defects and atrioventricular septal defects.In order to provide a comprehensive epidemiological 
overview, future studies should use international classification system as well as consistent inclusion and 
exclusion criteria. Futher studies are also required to evaluate precisely the impact of fetal cardiac diagnosis on 
the prevalence and outcome of CHD. Epidemiology of CHD provides an overview of the distribution and 
characteristics of risk factors. Environmental potential risk factors are reviewed as they may provide an 
opportunity for prevention of some forms of CHD. 


Key Words: Congenital Heart Disease, Epidemiology, Environmental Risk Factor. 
INTRODUCTION 


Congenital heart defects (CHD) defined as “gross structural anomalies of the heart or intrathoracic vessels that are 
actually or potentially of functional significance”, are among the most common congenital anomalies affecting about 
5 to 10 per 1000 live births and are considered as the leading cause of infant deaths resulting from congenital 
anomalies [1,2,3]. 


CAVEATS IN ASSESSMENT OF INCIDENCE OF CHD 


Accurate determination of the incidence of CHD is difficult and subject to great variation across different 
populations and registries: some mild and asymptomatic cases may not be diagnosed and consequently they are 
underestimated; other severe cases may die in the neonatal period without a diagnosis or autopsy done. However 
development of echocardiography as an accurate diagnostic tool for CHD [2], resulted in increased estimated values 
for incidence of CHD, secondary to improved prenatal diagnosis [4,5], as well as improved diagnosis of overlooked 
and mild lesions (e.g., increased diagnosis of cases with small atrial septal defects (ASD), and isolated small 
ventricular septal defects (VSD), which tend to resolve spontaneously). 


To avoid confusion, and in order to provide a comprehensive review, epidemiological studies reporting total 
prevalence of CHD, should cover a geographically well defined area, and should include CHD occurring in live 
births, termination of pregnancy, late miscarriages and stillbirths. Cases with functional or unspecified cardiac 
murmur, patent ductus arteriosus (PDA) associated to prematurity, peripheral pulmonary artery stenosis (PPS), 
should be excluded, according to the European Surveillance of congenital anomalies EUROCAT exclusion list [6]. 
Furthermore, it is better to relate the absolute incidence of each specific lesion, to live births, rather than describing 
its incidence as a proportion of all CHD. In a recent study from Denmark, the overall CHD birth prevalence, have 
been reported to have increased [7] from 73 to 113 per 10.000 live births from 1977 to 2005 with stabilization of the 
prevalence after 1996-1997. The increased prevalence was primarily due to an increase in VSD and ASD 
prevalence, related to improved diagnosis by echocardiography as reported by others [8,9,10,11]. The total 
prevalence of conotruncal defects, atrioventricular septal defects (AVSD), and right ventricular outflow obstruction 
(RVOTO) increased also significantly [7, 8], probably due to changes in the pregnancy risk factors particularly the 
increasing incidence of type 2 diabetes among women of childbearing age [7,12]. 


IMPACT OF FETAL DIAGNOSIS OF CHD 


Fetal diagnosis of structural heart defects by ultrasound ranges from 8% in eastern Europe to 48% in France [4] due 
to an active policy in prenatal screening and involvement of obstetricians and sonographers in screening for cardiac 


*Address Correspondence to Maurice Guirgis: University Paris VII,Service Explorations Fonctionnelles, Hôpital Robert Debré, 48 bd Serurier 
75019 Paris France; Email: guirgis 1@hotmail.com 
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malformations during routine obstetrical ultrasounds. This may have a potential impact on the incidence of CHD if 
termination of pregnancy is decided [4,13, 14]. In a study including 2454 cases with CHD, collected from 20 
registries of congenital malformations in 12 European countries, termination of pregnancy was performed in 293 
cases [12%) varying from 0% to 49% according to the registry [4]. In a recent analysis obtained from the Paris 
registry of congenital malformations, Koshnood et al. [5], reported increase rate of termination of pregnancy for 
cases with hypoplastic left heart syndrome (HLHS) detected by fetal echocardiography, that increased from 13.6%, 
between 1983-1988 to 72.4% between 1989-1994, before reaching a rate of 63% between 1995- 2000. Further 
studies are required to assess the impact of fetal medicine in the prevalence and outcome of CHD. 


GEOGRAPHIC, RACIAL, ETHNIC & SOCIO-ECONOMIC DISTRIBUTION OF CHD 


The reported incidence of various cardiac defects may vary according to different geographic regions [11, 15-17] 
probably related to genetic and racial factors. For example, studies of ethnic influence on the pattern of CHD in the 
United Kingdom revealed a higher incidence of left obstructive disease such as aortic stenosis (AS) and coarctation 
of aorta (Ao Coa) in non-Asian (9%) than Asian (3%) infants [15]. This was also reported from epidemiologic 
studies from Saudi Arabia [11] and Japan [16], where a low incidence of AS and Ao Coa was reported (4.8% and 
3.7% respectively of all patients with CHD) contrasting with a higher incidence reported from Europe [17]. A low 
incidence of AVSD was also reported from Japan [16] contrasting with a higher incidence in United Kingdom [15]. 


Compared with black infants, white infants have been found to have an increased prevalence of Ebstein’s anomaly, 
AS, Pulmonary atresia, AVSD, ASD, Ao Coa, Transposition of great arteries (TGA) and Tetralogy of Fallot (TOF), 
while less white infants were found among cases with Pulmonary stenosis (PS) and heterotaxia [18]. These results 
highlight racial variations in CHD and may suggest that socio-economic status (SES) account for some of this 
variation, as also evidenced by an increased risk for TGA reported with low SES that included mother’s education, 
poverty, and unemployment [19]. 


SEX DISTRIBUTION 


As regards sex distribution of CHD; some lesions such as Ao Coa, AS, TGA show strong male predominance [11, 
20-21]. On the other hand, female predominance is observed in PDA, ASD, AVSD and PS [20, 21]. Gensburg et al 
[22], classifying isolated lesions according to the time of embryonic disturbed organogenesis, found male 
predominance in those lesions developing in later gestation. 


ETIOLOGY OF CHD 


Cardiovascular development involves a series of complex events precisely orchestrated and regulated by specific 
genes. CHD represent multiple underlying etiologies: genetic, environmental, teratogenic exposures, multifactorial 
and unkown mechanisms. 


The precise links between genetic and environmental factors, are incompletely understood. Environmental factors 
may affect gene expression directly or may block the action of gene product. Some outflow tract (Truncus 
Arteriosus, Double outlet right ventricle) that may be associated with the DiGeorge (CATCH 22 syndrome) may 
result also from interfering with migration of neural crest cells by certain chemicals (bis-diamine, tran-retinoic acid), 
or by experimentally removal of cranial neural crest cells [23]. 


The current state of knowledge on genetic causes of CHD [24] is reviewed separately in another chapter. 
Environmental factors involved in the etiology of CHD are multiple and include maternal diseases, drug exposures, 
alcohol, and other environmental exposures [24,25,26]. The potential factors that might influence the risk for CHD 
including periconceptional folic acid intake which may reduce the risk [27-29] and those factors that increase the 
risk for CHD are discussed. 


ROLE OF MULTIVITAMINS AND FOLIC ACID 


Periconceptional intake of multivitamins supplements containing folic acid [27,28] was reported to possibly reduce 
the risk of CHD up to 60% [27]. In a recent work [29], fortification of grain products with folic acid in Canada, was 
followed by a significant decrease in the birth prevalence of severe CHD strongly supporting the protective effect of 
Folic acid. Specifically, the birth prevalence did not change in the eight years before fortification and decreased in 
the seven years after fortification with a significant change in time trend between the two periods for conotruncal 
defects and non-conotruncal defects [29]. 
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MATERNAL DISEASES AND CONDITIONS 
MATERNAL DIABETES 


CHD is found in 3-5% of pregnant women with maternal pregestational diabetes [30-32]. Associations of CHD with 
gestational diabetes are probably due to inclusion of pregnant women with previously undetected type 2 diabetes 
among those classified as having gestational diabetes. Almost all cardiac lesions have been reported, mainly outflow 
tract lesions, conotruncal anomalies, AVSD, TGA, VSD, HLHS and Ao Coa [30-32]. Cardiac malformation occurs 
before the seventh week of gestation possibly by abnormal glucose level affecting the expression of a regulatory 
gene in the embryo, leading to apoptotic cellular changes [32]. Another possible mechanism is the generation of free 
radicals resulting from metabolic abnormalities as suggested by prevention of diabetic embryopathy in animal 
studies by antioxidants [33-34]. 


Phenylketonuria 


Maternal phenylketonuria is associated with increased risk of heart defects through increased blood levels of 
phenylalanine and phenyl pyruvic acid [35,36]. The most frequent defects are TOF, Ao Coa, VSD, PDA, Single 
ventricle, and ASD. Diet control before conception and during pregnancy reduces the risk of CHD [36]. 


Rubella, Febrile Illnesses, and Influenza Maternal rubella infection during pregnancy can result in increased 
incidence of CHD about 35% [37-39]. Common reported defects are PS, PDA, VSD, PPS, and VSD [40,41]. 
Maternal febrile illnesses, influenza, during the first trimester of pregnancy, may also be associated with an increased 
risk for certain heart defects such as conotruncal lesions, right and left obstructive lesions , VSD and Ao Coa [42- 
44]. 


Maternal HIV 


Children infected with HIV-1 has not been reported to be associated with an increased risk of CHD. [45]. 
Irrespective of their HIV-1 status, infants born to women infected with HIV-1 have significantly worse cardiac 
function than other infants [45-46]. 


Maternal Stress 


Intense maternal stress (e.g. divorce, death of a relative,..) during the periconceptional period was associated with 
increased risk of delivering infants with certain congenital anomalies particularly with conotruncal heart defects and 
neural tube defects [47, 48]. 


MATERNAL DRUG INTAKE 


Table 1 summarizes main maternal drug exposure -during the first trimester of pregnancy and periconceptional 
period - associated with CHD [24-26, 48-55]. 


Table 1: MATERNAL DRUG INTAKE AND CHD. Data from references [24, 25, 26, 48-55] 


DRUG CHD 

Lithium ASEEbstein’s anomaly, Mitral & tricuspid regurge 
Retinoic Acid Conotroncal malformations 
Trimethadione TOF, HLHS, TGA, 

Phenytoin Coarctation, PDA,AS, PS 

Coumadin PPS, PDA 

Thalidomide PS, TGA, *TAPVR,VSD, ASD, TA, TOF 
Ibuprofen TGA, AVSD, VSD, Bicuspide valve 
Trimethoprim-Sulfonamide, 

Sulfalazine Any defects 

Angiotensin-converting 

enzyme inhibitors ASD, VSD, PS, PDA 

Metronidazole 

Valproic acid Outflow tract, VSD TOF, others 


*TAPVR: Total Anomalous pulmonary Venous Return 
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Some of the drugs were reported with associated risks of CHD, but only limited information is available e.g. 
Angiotensin —converting enzymes [49], Trimethoprim-Sulfonamide [50-51], metronidazole [24] , fluconazole 
[52,53]. 


OTHER MATERNAL NON THERAPEUTIC & ENVIRONMENTAL EXPOSURE 
Alcohol 


Several studies have reported teratogenic effects of alcohol consumption during pregnancy, including cardiac defects 
[56]. A more recent case-control study that examined the risk of congenital anomalies with different sporadic and 
daily doses of alcohol consumption in spain, reported an increased risk of CHD only with the highest level of 
maternal consumption of alcohol per day [57]. 


Cocaine and Marijuana 


Maternal cocaine ingestion was reported to induce coronary thrombosis in the developing fetal heart leading to 
single ventricle [58]. Association of maternal intake of cocaine with other defects was also reported : Ebstein’s 
anomaly , VSD, heterotaxy [ 24,59, 60]. 


Cigarette Smoking 


The relationship between gestational smoking and congenital defects has been studied, however the information is 
inconclusive. Some studies have reported associations of maternal smoking with ASD, AVSD, TOF [61], however, 
no associations were found in other reports [24,62]. Further research on large population-based studies is required to 
clarify this relationship. 


Organic Solvents 


Some studies reported increased risk of TGA, HLHS, Ao Coa, TOF, PS with maternal exposure to solvents and 
paints [24]. However the precise links are difficult to clarify, because the composition varies between different 
commercial preparations. 


Pesticides & Other Toxic Substances 


In the Baltimore-Washington Infant Study (BWIS), potential exposure to herbicides and rodenticides was associated 
with an increased risk of TGA, while potential exposure to pesticides was associated with TAPVR and VSD [24]. A 
more recent case-control study of various end-product uses reported an increased risk of conotruncal defects with 
maternal reports of exposure to insecticides [63]. 


Air Pollution 


Gilboa et al [64], observed positive associations between carbon monoxide and isolated ASD, TOF, particulate 
matter <10 um in aerodynamic diameter and isolated ASD as well as between ozone and VSD. Further studies are 
also required to clarify if air pollution exposure influences the risk for CHD. 


Maternal Home Tape Water Consumption 


A positive association between a mother's consumption of home tap water during the first trimester of pregnancy 
and cardiac anomalies. This was unrelated to water contamination, mother's race, or her educational level [65]. 


Waste Sites and Ionizing Radiation 


Much of the recent evidence about possible increase risk of CHD in communities situated near hazardous waste sites 
are inconsistent [66] and may not ultimately prove to be causal. Few reports on possible associations of CHD with 
maternal exposure to ionizing radiation in occupational settings or as part of medical or dental evaluations, found no 
clear evidence of any associations [24], and further studies are also required to clarify the precise relationship 
between these factors and CHD. 


CONCLUSION 


CHD is associated with a considerable disease burden at both country and individual levels. Although there is a 
substantial variation in the reported prevalence of CHD in the literature, due to differences in epidemiological 


Epidemiology of Congenital Heart Diseases Four Dimensional Fetal Echocardiography 5 


studies, however recent studies suggest an increased prevalence of CHD, mainly by increased incidence of small 
lesions easily detectable by echocardiography, as well as increased prevalence of conontruncal and atrioventricular 
septal defects. 


Fetal diagnosis of CHD may affect the prevalence and the outcome of CHD. The impact of fetal diagnosis on 
prevalence, and outcome of CHD requires further investigations as there is no available uniform parental 
counselling and ethical guidelines. 


Prevention of CHD is actually limited to our actual knowledge of the proportion of CHD attributable to non 
inherited potentially modifiable environmental fetal exposure, that although difficult to estimate, may account for 
13.6% to 30.2% of cases [26]. 


Further epidemiological studies, based on large population-based studies, using more standardized case 
ascertainment and classification methods are required, to unmask some of the mysteries of abnormal cardiogenesis 
and clarify the precise links between inherited and non inherited risk factors and CHD, in order to be able to develop 
adequate prevention strategies. 
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CHAPTER 2 


Second Trimester Screening of Congenital Heart Disease 


Giovanna Oggé, Pietro Gaglioti, Manuela Oberto and Tullia Todros* 
Department of Obstetrics and Gynecology, Maternal-Fetal Medicine Unit, University of Turin, Italy 


Abstract: Congenital heart diseases (CHD) are frequent fetal anomalies, with an important impact on perinatal 
mortality and morbidity. Prenatal diagnosis has a demonstrated effect in decreasing the overall prevalence at 
birth, and in improving the outcomes of specific malformations; moreover, the great majority of these 
malformations occurs in the absence of any risk factor. All of these features strongly evidence the need for a 
screening test that can be applied to the general population, to identify a selected group of fetuses for the more 
specific, complex, and time-consuming diagnostic test (fetal echocardiography). The systematic visualization of 
the four chamber view and the outflow tracts during routine anatomical scan has progressively increased the 
prenatal detection rate of CHD. However, a number of potentially diagnosable defects are still missed in the 
screening setting. Three-dimensional ultrasonography could provide a useful tool to ameliorate the current 
performance of CHD screening; however this possibility needs to be further explored. 


Key Words: Congeniral Heart Disease, Diagnosis, Fetal Echocardiography, Screening. 
INTRODUCTION 


Congenital heart diseases (CHD) are the most common congenital anomalies, with a prevalence of around 9/1000 
livebirth [1]; moreover they account for the majority of infant deaths due to congenital malformations [2, 3]. 


Prenatal diagnosis of CHD implies a number of potential advantages: 1) if it is early enough during gestation, it 
allows consideration of termination of pregnancy [4]; 2) it consents the planning and timing of delivery in a referral 
centre, leading to better conditions at surgery; 3) it permits in utero treatment, although, to date, few procedures 
have been performed (ballon valvuloplasty for aortic or pulmonary stenosis [5, 6], atrial septoplasty for hypoplastic 
left ventricle with resctrictive foramen ovale [7-9], cardiocentesis for pericardial effusion [10-15]) and available data 
are too sparse to attest a benefit [16, 17]. In contrast, pharmacological transplacental therapy for fetal arrhythmias 
has become a well accepted practice, based on a consistent body of evidence [18]. 


Although several risk factors for the development of CHD are recognized (see Table 1), the great majority of these 
malformations are diagnosed in low-risk pregnancies [19]. This enhances the need for a screening test, which ideally 
should be simple and rapid enough to be systematically applied to the general population, to identify cases eligible 
for fetal echocardiography [20, 21]. The usefulness of a systematic screening program is further confirmed by the 
fact that the majority of prenatal diagnoses of CHD actually occur in women who have been referred to 
echocardiography because of a suspicion at the screening exam [22]. 


Table 1: Risk factors for CHD (indications for fetal echocardiography). Modified from [23]. 


Family history First-degree relative of proband 
Pregestational diabetes mellitus 

Maternal diseases Phenylketonuria 
Autoimmune diseases: anti-Ro (SSA) and anti-La (SSB) 
Parvovirus B19 

Maternal infections Rubeovirus 


Coxsackie virus 


*Address correspondence to Tullia Todros: Department of Obstetrics and Gynecology, University of Turin, Ospedale S Anna Corso Spezia, 
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Table 1: cont... 

Retinoids 

Phenytoin 

Carbamazepine 

Teratogen exposure 
Valproic acid 

Lithium 

Alcohol 

Suspected fetal heart anomaly at screening scan 
Extra-cardiac anomalies 

Non-immune hydrops 

Fetal anomalies 


Abnormal fetal karyotype 


Increased nuchal translucency 


Persistent fetal arrhythmias 


The first significant effect of prenatal diagnosis of CHD has been the reduction of the prevalence of these anomalies 
at birth, secondary to increased termination of affected pregnancies. The proportion of termination of pregnancies, 
among prenatally diagnosed CHD, is 50% [24], and an increase in the number of anomalies diagnosed in utero as 
well an anticipation of the diagnoses is likely to augment the absolute number of terminated pregnancies. 


Contrary to the expectations, a positive impact of prenatal diagnosis on the overall survival rate of neonates with 
CHD has not been demonstrated [25]. One explanation is that prenatally diagnosed CHD tend to be more severe 
than those diagnosed postnatally, and they are more frequently associated with chromosomal and extra-cardiac 
anomalies, that negatively influence their prognosis [26]. 


However, a positive impact of prenatal diagnosis on neonatal outcomes has been demonstrated for specific CHD, 
namely aortic coartation [27], transposition of great arteries [28], hypoplastic left heart syndrome [29, 30]. 


THE FOUR CHAMBER VIEW 


A first screening test for CHD was proposed in the 80’s, and it was based on the inclusion of the four chamber view 
in all routine ultrasound performed since 16 weeks of gestational age [31]. 


The main advantage of such a method is the possibility to examine several cardiac structures in one single 
ultrasonographic plane. Indeed, the correct visualization of the four chamber view, either from an apical or from a 
transverse approach, allows the evaluation of [32]. 

- the cardiac situs and the anatomical relationship between the heart and the abdominal organs 

- the cardiac axis 

- the morphology and symmetry of the ventricles and the atria 

- the integrity of the ventricular septum 

- the presence of the atrial septum primum 

- the foramen ovale bulging toward the left atrium 

- the opening of the atrioventricular valves 

- the thickness of the ventricular wall 

- the absence of pericardial effusion 


- the cardiac rate and the regularity of the rhythm 
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(see Figures | - 4). 


Figure 1: a) Transverse section of the fetal abdomen: the stomach (ST) is on the left side; the transverse sections of the 
descending aorta (AO) and inferior vena cava (IVC) are in front of the spine (S), at the left and at the right respectively. The 
intrahaepatic portion of the umbilical vein (UV) is also seen in this section. 


Figure 2: Transverse section of fetal thorax: the longitudinal axis of the heart (dashed line) forms an angle of about 45° with 
respect to the antero-posterior axis (AP) of the thorax. The apex of the heart is on the left. LV: left ventricle; RA: right atrium; S: 
spine. 


PULMONARY ——__ 
VEINS 


Figure 3: Apical four chamber view: a) the septal leaflet of the tricuspid valve (TV) has a more apical insertion on the 
interventricular septum (IVS) than the mitral valve (MV); b) pulmonary veins draining in left atrium. 
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Figure 4: Transverse four chambers view: the apex of the heart is at the left of the fetal thorax. a) the interventricular septum and 
the walls of the ventricles are better visualized than in the apical view. b) the thickness of the ventricular walls (red lines) and 
septum (IVS) can be studied. The valve of the foramen ovale (arrow) moves toward the left atrium. LA: left atrium; LV: left 
ventricle; RV: right ventricle; RA: right atrium; FO: foramen ovale. 


b) transverse section of the fetal thorax: transverse section of the descending aorta (AO) and apical four chamber 
view of the heart. LA: left atrium; LV: left ventricle; RV: right ventricle; RA:right atrium 


Hence, the visualization of the four chamber view allows the detection of the wide range of CHD that directly or 
indirectly modify the above mentioned anatomical structures (see Table 2). 


The first reports on the diagnostic accuracy of the four chamber view showed very encouraging results, with 
sensitivities ranging form 70 to 90%, thus promoting its wide diffusion [31-34]. However, several subsequent 
studies provided sensitivity values lower then 30% [35-37]. 


Many factors account for the discrepancies in the detection rate of the four chamber view, including: 


- the experience of the operator 
- the CHD prevalence in the study population, which can be high-risk, low-risk or unselected 


- the operative definition of CHD, which can include or exclude minor defects that are more difficult to 
diagnose 


- the gestational age at the time of the ultrasound, which influences both the possibility to obtain images of 
adequate quality and to detect progressive defects 


- the study design, prospective or retrospective 


- the duration and the accuracy of the neonatal follow-up. 


Indeed, the first and more promising results came from studies that were performed in referral centres, on high-risk 
or unselected populations, and by highly specialized operators [31, 32], while the more disappointing results were 
from multicentric studies, on low-risk populations, and thus better reflect the efficacy on the field of the screening 
intervention [35, 36]. 


THE OUTFLOW TRACTS VIEWS 


The main limitation of the four chamber view lies in the impossibility to detect anomalies affecting the ventricle- 
arterial connections, unless they indirectly alter the morphology of the cardiac chambers or the cardiac axis (see 
Table 2). Importantly, this group of CHD includes conditions, such as transposition of the great arteries, which 
require early neonatal intervention, and therefore would receive the greatest advantage from accurate prenatal 
diagnosis. Therefore several investigators suggested to add to the four-chamber view the visualisation of the left 
ventricular outflow tract (five chamber view) [38, 39], or the visualisation of both outflow tracts [40-43]. 
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The outflow tracts can be evaluated both by the left ventricle and right ventricle “long axis” views and by the “short axis” view [44] (see Figures 
5-7) 


Figure 5: left ventricle long axis view: note the continuity of the aorta anterior wall (arrowhead) with the interventricular septum 
(TVS) and the continuity of the aorta posterior wall with the anterior leaflet of the mitral valve (MV) (arrow). LA: left atrium. LV: 
left ventricle; Ao: aorta. RV: right ventricle. 


Figure 6: right ventricle long axis view: the pulmonary artery (PA) originates from the infundibular portion of the right ventricle 
(RV). PV: pulmonary valve; LV: left ventricle 


Figure 7 Longitudinal section of the fetal thorax. Short axis view of the great vessels: the aorta (Ao) is in the centre, in transverse 
section, while the pulmonary artery is visualized in a longitudinal plane, arising from the right ventricle (RV) and in continuity 
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with the ductus arteriosus (D). The right pulmonary artery is also displayed (arrowhead). RA: right atrium; TV: tricuspid valve; 
PA: pulmonary artery; PV: pulmonary valve. 


The long axis views allow visualizing the aorta and the pulmonary artery, with approximately equal diameters, 
emerging from left and right ventricle respectively, and crossing at about a 70° angle just above their origin. The 
aorta originates from the more posterior ventricle; its anterior wall is in continuity with the ventricular septum, while 
its posterior wall is in continuity with the anterior leaflet of the mitral valve. The pulmonary artery originates from 
the more anterior ventricle, and bifurcates into the right pulmonary artery and the ductus arteriosus. 


Other authors suggested to include the “three vessels and trachea” view into the screening exam of the fetal heart 
(see Fig. 8). 


Figure 8: the three vessels can be seen with transverse sections of the fetal thorax above the heart. a) from left to right: 
pulmonary artery (P), aorta (Ao), superior vena cava (SVC). Note the thymus between the three vessels and the anterior wall of 
the thorax. b) Moving cranially from the three vessels view, making a slight caudal tilt of the ultrasound beam to the left, allows 
the aortic arch (AoA) and duct (DA) to be imaged simultaneously. 


DAo: Descending Aorta; T: Trachea 


This latter is a transverse thorax plane, which permits to verify the presence, position and size of the pulmonary 
artery, the ascending aorta and the superior vena cava [45], and is considered equally informative with regards to the 
anatomy of the great vessels compared with the outflow tracts, but more easy to obtain. Several studies have shown 
that the routine visualization of the outflow tracts — the “extended- basic” cardiac scan [22] — actually increases the 
sensitivity of the four chamber view. Although once again the highest detection rates come from studies conducted 
in referral centres and on the high-risk population [19, 45]. nonetheless even multicentric studies on the low-risk 
population could demonstrate a significant benefit compared with the four chamber view alone [46, 47]. 


Table 2: CHD and prenatal diagnosis 


CHD usually associated with abnormal four-chamber view 


1) Heart abnormalities with a direct effect on the anatomy of the cardiac chambers 
Hypoplastic left heart syndrome 
Hypoplastic right heart syndrome 
Atrioventricular septal defects 
Large ventricular septal defects 
Atrio-ventricular valve abnormalities 
Ebstein’s anomaly 
Double inlet ventricle 
2) Abnormalities of the great vessels with an indirect effect on the symmetry of the cardiac chambers 
Severe aortic coarctation 
Severe aortic stenosis 
Severe pulmonary stenosis or pulmonary atresia with intact interventricular septum 
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Table 2: cont.... 
3) Abnormalities of the situs 
4) Myocardial hypertrophy 
5) Cardiac tumors 
6) Pericardial effusions 


CHD usually not associated with abnormal four-chamber view 


1) Abnormalities of the great vessels without any effect on cardiac chamber anatomy 
Tetralogy of Fallot 
Transposition of the great arteries 
Double outlet ventricle 
Truncus arteriosus 
Mild aortic stenosis 
Mild pulmonary stenosis 
Pulmonary atresia with ventricular septal defect 


Most frequent CHD with a progressive evolution possibly not detectable during the second trimester scan 


Pulmonary stenosis 
Aortic coarctation 
Ventricular hypoplasia 


CHD not detectable in utero 


Isolated atrial septal defect 
Small ventricular septal defects 
Patent foramen ovale 

Patent ductus arteriosus 


EARLY SCREENING 


The fetal heart is completely formed 56 days after conception (10 weeks of postconceptional age, i.e. 8 weeks of 
gestational age). As a result of the rapid advances in the resolution power of ultrasound machines, a growing number 
of reports have gathered since the early 90’s, showing the feasibility of examination of the fetal heart early in 
gestation [48-54]. 


The advantages of a reliable early test are intuitive: in high risk pregnancies, the confirmation of normal cardiac 
anatomy would reduce maternal anxiety, while the early recognition of a severe CHD would allow the termination 
of pregnancy in safer conditions, and would provide a longer temporal window for karyotyping, multidisciplinary 
counselling, the couple’s decision-making, and the planning of the pregnancy’s and neonatal care. However, 
although the feasibility of the echocardiografic study at 12-13 weeks of gestational age, by specialized operators and 
in high-risk pregnancies, is well demonstrated, there is no solid evidence to-date to support the advantage of the 
anticipation of the cardiac fetal screening in the low-risk population [55]. 


THE ROLE OF NUCHAL TRANSLUCENCY IN PRENATAL SCREENING OF CHD 


The measurement of nuchal translucency (NT) between 11 and 14 weeks of gestational age is a widely diffuse 
screening test for chromosomal anomalies. In addition, an association between increased NT and CHD, in the 
absence of chromosomal defects, has been demonstrated, suggesting a potential role for NT as an early screening 
test for CHD [56-68!. Several studies designed to assess the accuracy of this screening approach have reported very 
heterogenic results, partly due to the differences in the prospective or retrospective study design, and the extent of 
the postnatal follow-up (see [69] for review). However, the most recent studies tend to evidence quite a low 
detection rate: the adoption of a cut-off of 2.5 multiple of the median (MoM), approximately corresponding to the 
gg" percentile for gestational age, allows the identification of 7% of all the CHD and 13.5% of major CHD, with 1% 
of the population undergoing echocardiography [70]. These data, which are definitely disappointing, compared with 
the midtrimester “extended basic” scan, do not justify the adoption of NT as a screening test for the general 
population. However, the finding of increased NT (= 2.5 MoM) during the aneuploidies screening test, should be 
considered as an indication for fetal echocardiography. 
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There is solid evidence that the sensitivity of the prenatal screening of CHD is strongly dependent not only on the 
number of sonographic views, but also on the operator’s experience. The systematic adoption of a training program 
for the visualization of the four chamber view and the outflow tracts view in Northern England, has increased the 
proportion of severe CHD that were diagnosed in utero from 17 to 30% [71]. A recent Norwegian study [72] 
measured the accuracy of second trimester ultrasound performed by sonographers and midwives in diagnosing CHD 
in an unselected population: they found that more experienced operators (who had carried more than 2000 routine 
scans) were more likely to obtain both four chamber view and outflow tracts view than less experienced operators 
(75% vs 36% of cases); as expected, this difference was associated with a significantly better detection rate of major 
heart defects (52% vs. 32.5%). 


ROLE OF 3D ULTRASOUND IN THE PRENATAL SCREENING OF CHD 


The prenatal screening for CHD is a promising field of application for 3D ultrasound, which still needs to be 
adequately explored. Indeed, many of the peculiar characteristics of 3D sonography make it an ideal tool for the 
screening setting. The possibility to reconstruct offline virtually any different plane from a single acquired volume, 
makes this technology more efficient, reducing the time needed per each single exam; the advantage in term of time 
saved (which implies the possibility to examine a greater number of subjects) appears to be significant even after 
considering the additional time needed for the offline manipulation and interpretation of volumes [73-77]. 


A precious feature of 3D ultrasound is the feasibility to reconstruct offline planes that were not acquired during the 
patient examination, therefore making the sonogram less operator-dependent [73,74,75] (see Fig 9). 


A further advantage of the use of 3D ultrasound as a screening tool, is the opportunity to send the acquired volumes 
to a referral centre for evaluation in the case of a suspicion of malformation, without any need to move the patient. 


The other face of the coin, however, is the new set of skills that have to be acquired by the operator, in order to 
obtain good informative volumes, minimize artifacts, and interpret the reconstructed planes [58]. 


On the basis of these considerations, several studies have been conducted to demonstrate the feasibility of the mid- 
trimester anatomic screening survey, demonstrating a good degree of agreement between the 3D and the 2D 
sonographic examination [74, 75, 77]. 


The application of these concepts to the screening of CHD is partly limited by the peculiarity of the motion of this 
organ, which clearly increases the risk of artifacts. Moreover, the evaluation of cardiac function and rhythm relies on 
the assessment of real-time scans. However, the possibility to study the moving heart (but not to evaluate the heart 
rhythm) has been overcome, to a certain extent, by the introduction of the spatio-temporal correlation image 
technique (STIC). 


One claimed benefit of 3D technology is that the acquisition of a single volume dataset allows the visualization of 
other planes that might be technically more difficult to obtain. When considering the standard exam of the fetal 
heart, the acquisition of a cardiac volume from the chamber view, can therefore allow the visualization of the more 
challenging outflow tracts views[78]. Paladini et al [79] have recently addressed this issue by assessing the 
diagnostic accuracy in the evaluation of the outflow tracts using STIC volumes acquired from the four-chamber 
view. In this study, a group of 14 sonologists of low-to-intermediate experience in basic cardiac scanning, were 
given a short training in the evaluation of the outflow tracts and volume manipulation; immediately after, they were 
asked to examine offline 26 volumes, acquired from the four chamber view between 19 and 23 weeks of gestational 
age, including 16 normal cases and 10 with conotruncal anomalies. Overall sensitivity was 83%, specificity 87% 
positive predictive value 80% and negative predictive value 89%; the sensitivity per each single anomaly ranged 
from 50% for transposition of great arteries with intact ventricular septum, to 100% for double outlet right ventricle 
with or without pulmonary atresia, and transposition of great arteries with ventricular septal defect. However, the 
study was not designed to evaluate the ability of the sonologists to acquire volumes of adequate quality, and to 
recognize and discard those of poor quality. Maybe more importantly, the high prevalence of CHD in the study 
population (38%) prevents the application of these results to the general population. 
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In summary, three-dimensional ultrasonography possess many characteristics to become a useful tool for the 
screening of CHD (as well as other malformations). However, before it can be adopted in the general practice, 
protocols, indications, and terminology should be further standardized and accepted. Moreover, a learning curve 
should be anticipated, and education and training should be systematically provided to allow the operators to achieve 
the new skills. 
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CHAPTER 3 


The Examination of the Normal Fetal Heart 


Alessandra Toscano, Luciano Pasquini* and Roberta Iacobelli 
Department of Pediatric Cardiology and Cardiac Surgery, Bambino Gesu’ Hospital, Rome, Italy 


Abstract: The heart, anatomically and embryologically, is a segmented structure. The atria, the ventricles and the 
great arteries are the three major fundamental components. The heart should be examined echocardiographically 
by Sequential Segmental Analysis from the venous to the arterial poles following the blood flow. Each segment is 
evaluated independently considering not only the segmental situs (or location into the body) but also the 
connections of each heart segment to the others. A systematic approach by Sequential Segmental Analysis is a 
cornerstone of fetal cardiac study. First step is the identification of fetal heart position followed by the 
identification of position of the heart in relation to the body and the anatomic study of each cardiac chamber, and 
finally, the study of cardiac rhythms and function. The heart can be observed in infinity of planes, but few 
sections are the basis of fetal cardiac study. The examination starts with abdominal cross-sectional view for the 
identification of the viscero-atrial situs. Then the transthoracic four-chamber view should be obtained. This view 
allows to obtains a large amount of informations specially regarding the atria and ventricles, atrioventricular 
valves, interatrial and interventricular septum. Ventriculo-arterial connections are well identified by a gentle 
sweep towards the fetal neck, left ventricular outflow tract and ascending aorta are first visualized and, by further 
sweeping, also right ventricular outflow tract, branch pulmonary arteries and ductus arteriosus are correctly 
identified. The three vessel view give us information regarding left or right location of aortic arch. Short axis of 
the heart is evaluated from the cavo-atrial and ventricular segments to the ductal and aortic arches. Finally the 
study of heart rate and rhythm and of myocardial function ends the fetal heart examination. 


Key Words: Fetal Heart, Ultrasound, Diagnostic Planes, Segmental Analysis 
FETAL CARDIAC ANATOMY 


The heart should be examined ultrasonographically by sequential segmental analysis starrting from the venous and 
finishing at the arterial poles [1]. It is helpful to consider the heart as a segmented structure represented by three 
regions: atria, ventricles, and great arteries [2]. The two connecting cardiac segments are the atrioventricular canal or 
junction and the infundibulum or conus arteriosus. Each region, in turn, is partitioned into two components, usually 
right-sided and left-sided. There are only a limited number of possible connections between the three major regions, 
regardless of their spatial orientations. In practice, each region is evaluated independently, following the direction of 
blood flow: systemic and pulmonary veins, atria, atrioventricular valves, ventricles and right ventricular outflow 
tract, semilunar valves, and great arteries. In a systematic manner, right-sided and left-sided structures at each level 
are evaluated according to their morphology, their positions and connections to segments. The diagnostic problem 
generated by congenital heart disease is that the morphologically or anatomically right atrium, left atrium, right 
ventricle, and left ventricle can from the positional standpoint be “anywhere”. Morphologic anatomic identification 
is the cornerstone of accurate diagnosis. It starts with the identification of readily recognizable landmarks and 
progresses to more subtle findings. The step-by-step approach that we use includes: the identification of the fetal 
position, the position of the heart in relation to the body, the number of chambers and their connections, and finally, 
the rhythm. 


POSITION OF THE FETUS IN THE UTERUS 

Correct prenatal determination of the fetal right/left axis is essential for the diagnosis of fetal malformations, in 
particular congenital heart anomalies. To assess the cardiac position in the uterus, observe the fetal position: is it 
cephalic or breech? Then identify the position of the spine and of the cardiac apex (Clip 1). 

LOCATION IN THE CHEST 


With regard to the position of the heart in the chest, two questions arise that can be answered: where is the heart 
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located, and what is the direction of the cardiac apex? Within the thorax, the heart can be described as left-sided 
(normal), right-sided, or in a midline position. The position of the heart in the mediastinum is affected not only by 
underlying cardiac malformations but also by abnormalities in adjacent structures. Some hearts are abnormally 
displaced from their usual position in the anterior left central chest. This abnormal cardiac position can be caused by 
a diaphragmatic hernia or space-occupying lesion, such as cystic adenomatoid malformation. Position abnormalities 
can also be secondary to fetal lung hypoplasia or agenesis. Rightward displacement of the heart constitutes 
dextroposition, a leftward shift represents levoposition, and shifts toward the midline are called mesoposition. 


ORIENTATION IN THE CHEST 


The left-right orientation of the abdominal organs and of the heart in vertebrate is a non random and highly 
conserved phenomenon [3], probably controlled by several genes [4,5,6,7]. Levocardia is the normal state and is 
caracterized by a ventricular apex that is directed leftward, anteriorly and somewhat inferiorly. In Dextrocardia, the 
apex is directed to the right of midline [8-11]. Mesocardia is the location of the heart with the cardiac base-apex axis 
directed to the midline of the thorax [12]. 


THE ATRIA 


There are two main type of visceroatrial situs (situs meaning location). Situs solitus, the normal pattern of anatomic 
organization in which the right atrium is right -sided and the left atrium is left-sided,. In situs inversus is present an 
inverted or mirror image pattern where the right atrium is left- sided and the left atrium is right- sided. Situs 
“ambiguus” indicates that the type of visceroatrial situs is anatomically uncertain or indeterminated, and it occurs in 
the heterotaxy syndrome with asplenia or polysplenia [13-15]. 


THE VENTRICLES 


There are two types of ventricular situs: D-loop ventricles, in which the morphologically right ventricle is typically 
right-sided, and the morphologically left ventricle is left-sided. L-loop ventricles, that is, inverted or mirror image 
ventricles in which the right ventricle is typically left-sided and left ventricle is right-sided [16]. 


THE GREAT ARTERIES 


Solitus Normally Related (the usual normal), Inverted Normally Related (mirror image), Malposition of the Aorta 
(anterior to the pulmonary artery): D (anterior and right), L (anterior and left), A (just anterior) [17]. 


FETAL ECHOCARDIOGRAPHIC PROJECTIONS 


The heart can be observed in infinity of planes, but few sections are the basis on which most of the diagnoses are 
made [18]. The basic cardiac screening examination relies on at least five transverse images of the heart and 
vasculature and three sagittal images [19,20]. 


ABDOMINAL CROSS-SECTIONAL VIEW 


The stomach should be seen on the left side of the fetus and just below the heart and diaphragm. It is important to 
localize the spine and the transverse descending aorta, which is a circle laying anterior to the spine. Usually in a 
normal fetus the descending aorta is in the left side and points to the left atrium (Clip 2). 


TRANSTHORACIC FOUR CHAMBER VIEW 


The four-chamber view is generally easy to achieve and is useful for identifying the atria, ventricles, and respective 
septae [21]. A normal heart is usually no larger than one-third the area of the chest (Clip 3). The majority of the 
heart is in left chest. The heart is normally deviated about 45 + 20° (2 standard deviations) toward the left side of the 
fetus (Fig. 1). Situs abnormalities should be suspected when the fetal heart and/or stomach is/are not found on the 
left side as well. The atria should have equal size and thickeness. From the standard 4-chamber view, one should 
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sweep posteriorly to demonstrate the coronary sinus (Clip 4). The right atrium is anteror and the left posterior. The 
left atrium is related to the descending aorta posteriorly. The morphologic features of the atrial appendages are 
usually appreciable only when the atria are outlined by excessive pericardial fluid. The interatrial septum is open at 
the level of the foramen ovale. The foramen ovale flap is visible in the left atrium, beating toward the left side [22]. 
The foramen ovale occupies about one third of the atrial septum. The flap valve has a biphasic motion during the 
cardiac cycle, partially closing at end systole and during atrial contraction end diastole. In the right atrium, two thin 
lines distinct from the interatrial septum can occasionally be seen. The Eustachian valve, a crest between the inferior 
vena cava and the wall of the right atrium, is located close to the inferior vena cava. The Chiari network is composed 
of abnormal lacelike strands that attach to the Eustachian_valve and the crista terminalis. It results from the 
incomplete reabsorption of the septum spurium, which should be completed by the 3rd month and persists in about 
1% of patients. The confluence of the pulmonary venous connections to the back of the left atrium should be 
identified. Exception: anomalous venous return. In the four-chamber view the most anterior vein is the inferior 
pulmonary vein; the most posterior is the superior pulmonary vein. To confirm an apparently normal pulmonary 
venous connection to the left atrium, forward flow from the vein in the pulmonary parenchyma into the atrium 
should be documented on color flow mapping (Clip 5), and ideally adding pulsed wave doppler. The normal 
pulmonary venous pulsed Doppler tracing shows forward flow throughout systole and early diastole with 
occasionally reversal of flow in late diastole. The flow pattern reflects left atrial events, the “suction” effect of atrial 
relaxation, followed by descent of the mitral valve orifice, late systole, passive opening of the mitral valve, early 
diastole, and atrial contraction that may cause minimal flow reversal in late ventricular diastole. 


In the second trimester, the ventricles should be approximately equal in size, however, it is important to note that in 
later gestation, the right ventricle becomes slightly larger than left and should not be confused with pathologic right 
ventricular dilation [23, 24]. The right ventricle is the most anterior structure and closest to the anterior chest wall. 
The insertion of the tricuspid valve along the interventricular septum is more apical than the insertion of the mitral 
valve. The right ventricular apex should contain the moderator band, causing the apex to appear “filled in” (Clip 6). 
In favorable cases one can note the difference in lining of the two ventricles: the right ventricle has a more coarse 
lining than the left due to a coarser trabeculation. The left side of the interventricular septum is free of papillary 
muscle while a papillary muscle, implants on the septum in the right ventricle (i.e. the muscle of the septal leaflet of 
the tricuspid valve). In the left ventricle there are two papillary muscles in the left ventricle, while in the right 
ventricle three papillary muscles are prensent. The valve follows the ventricle, thus a bicuspid valve is an indicator 
of left ventricle, while a tricuspid valve marks a right ventricle. In a normal fetus, there is no atrioventricular valve 
regurgitation. 


Doppler echocardiography may prove to be useful as an adjunct to imaging echocardiography for evaluation of fetal 
cardiac anatomy and function. 


Doppler velocity measurements were obtained by placing the Doppler sample volume immediately distal to the 
valve leaflets in the ventricle. Using pulsed Doppler, there is a typical biphasic shape of the diastolic flow velocity 
waveform with an early peak diastolic velocity (E) and a second peak during atrial contraction (A-wave); E is 
smaller than A, and the E : A ratio increases during pregnancy toward 1, to be inversed after birth. Fetal cardiac 
blood flow patterns differ from those in the neonate and the adult. Flow in the fetus results from simultaneous 
ejection from both right and left ventricles into the systemic circulation. 


The diameters of the mitral and tricuspid valve annuli can be evaluated as well as the lengths of the left and right 
ventricles. Several reference limits for dimensional measures based on gestational age have been published [25, 26]. 


The ventricular septum should appear intact. The ventricular septum will appear thin and an area of dropout may 
been seen just below the atrioventricular valves when imaged from the apex (Clip 7, Fig. 2). In an apical four- 
chamber view, caution should be taken not to confuse this artifact with a ventricular septal defect. Imaging from a 
lateral view perpendicular to the septum will better demonstrate its thickness and continuity. Small septal defects 
can be very difficult to confirm if the ultrasound imaging system fails to provide a sufficient degree of lateral 
resolution, especially if fetal size and position are unfavorable. 
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Figure 1: Fetal cardiac axis and position. LA, left atrium, LV, left ventricle, RA, right atrium, RV, right ventricle. The cardiac 
axis can be measured from a four-chamber view of the fetal heart. 


Figure 2: Four- Chamber view of the fetal heart. LA, left atrium, LV, left ventricle, RA, right atrium, RV, right 
ventricle. 


CARDIAC LONG-AXIS VIEW 


The long-axis view is aligned with the left ventricular outflow tract (Clip 8, Fig. 3). Evaluation of outflow tracts can 
increase the detection rates for major cardiac malformations above those achievable by the four-chamber view alone 
[27,28]. The four chamber view is inadequate for determining the conotruncus anomaly and in particular 
Transposition of the Great Arteries, Tetralogy of Fallot, Subaortic Ventricular Septal Defect, Double Outlet Right 
Ventricle, and Truncus Arteriosus. From the four-chamber view a slight cranial angulation of the transducer should 
reveal the left ventricular outflow tract the aortic valve and proximal ascending aorta, (also called the five-chamber 
view) (Clip 9). The left ventricular outflow tract view confirms the presence of a great vessel originating from the 
left ventricle. The continuity between the mitral and aortic valves and the absence of sub-aortic conus should be 
noted. The size of the ascending aorta can be measured. The anterior leaflet is in continuity with the posterior wall 
of the aorta. The anterior wall of the aorta is in continuity with the interventricular septum. The aortic valve and 
ascending aorta are seen arising centrally from the four- chamber view with the ascending aorta directed toward the 
right shoulder. The aortic valve moves freely and should not be thickened. For the arterial Doppler studies, the 
transducer must be positioned so that the sample volume is placed parallel to the flow. With pulsed Doppler, a single 
peak flow velocity waveform for the aortic valve should be demonstrated. The peak systolic velocity increases from 
50 to 110 cm/s during the second half of pregnancy and it is higher across the aortic than the pulmonary valve. Time 
to peak velocity in the aorta is longer than in the pulmonary trunk. The ventricular output can be calculated by using 
the product of the valve area and mean velocity of flow, When the left ventricular outflow tract is truly the aorta, it 
should even be possible to trace the vessel into its arch, from which three arteries originate into the neck. The 
ventricular septum should appear intact from the apex to crux and from the apex to the anterior wall of the aorta. 


24 Four Dimensional Fetal Echocardiorvo"*» Toscano et al. 


Figure 3: Left ventricular outflow tract. LA, left atrium, LV, left ventricle, Ao, ascending aorta. 


FOUR-CHAMBER SWEEP TO THE RIGHT VENTRICULAR OUTFLOW TRACT VIEW 


Continuing the sweep toward the fetal neck, a view of the right ventricular outflow tract documents the presence of a 
great vessel starting from a morphologic right ventricle. The pulmonary artery normally arises from the right 
ventricle and courses toward the left of the more posterior ascending aorta (Clip 10, Fig. 4). 


Figure 4: Right ventricular outflow tract. LV, left ventricle, RV, right ventricle. PA, pulmonary artery. 


The bifurcation of the pulmonary artery and ductus arteriosus completes this view. The right ventricular outflow 
tract can be confirmed as a pulmonary artery only if its distal end appears bifurcated. The distal pulmonary artery 
normally divides toward the left side into a ductus arteriosus that continues into the descending aorta. The right side 
branch into the right pulmonary artery. The great arteries are similar in size, but the pulmonary artery at the valve 
ring may be slightly bigger than the aorta. The pulmonary valve is anterior and cranial to the aortic valve. The great 
arteries cross over at their origin. 


THE THREE-VESSEL VIEW 


Demonstrates the long axis views of the tranverse aortic arch and ductus arteriosus and the short axis views of the 
superior vena cava and trachea (Clip 11) [29-33]. 


THE SHORT AXIS VIEW / THE RIGHT HEART VIEWS 


This section demonstrates the right ventricle and the ventricular outflow tract. The main pulmonary artery originates 
from the anterior ventricle and trifurcates into a large vessel, the ductus going into the descending aorta, and two 
small vessels, the pulmonary arteries. The pulmonary valve is anterior and cranial to the aortic valve. This is the best 
section to demonstrate the pulmonary valve (Clip 12, Fig. 5). 
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Figure 5: Short-axis view. LA, left atrium, RA, right atrium, RV, right ventricle, PA, pulmonary artery, Ao, aorta. 
DUCTAL AND AORTIC ARCH VIEW 


In a normal fetus, the aortic arch can be evaluated in both transverse and longitudinal views. The transverse view is 
more useful because the distal arch can be followed to its connection to the duct, and the two vessels can be directly 
compared in size, they should be equal in diameter. The longitudinal view shows the tight “hook” shape of the 
normal arch (Clip 13, Fig. 6) [34-36]. The aortic arch is obtained with the beam aligned from anterior right of the 
fetal chest to posterior left of the fetal chest. The side of the aortic arch can be readily shown in fetal life, using the 
orizzontal view of the arch. The ductal view is obtained when the imaging plane is aligned with the right ventricular 
outflow tract and main pulmonary artery. In the ductal view, the main pulmonary artery, and ductal arch are well 
seen and main pulmonary artery size can be easily measured. The ductal arch is formed by the communication of the 
ductus arteriosus with the descending aorta, appears more flattened than the aortic arch and will have no head and 
neck vessels arising from it. Note laminar flow, direction, and velocity with color flow and spectral (pulsed wave) 
Doppler. Normal ductal velocities in 20- to 39-week fetuses range from 50 to 140 cm/sec in peak systole and 6 to 30 
cm/sec in peak diastole. Premature ductal constriction is distinguished by either an increase in peak systolic and end 
diastolic velocities or absolute absence of flow in case of premature closure. Severe constriction leads to progressive 
right ventricular pressure overload, hydrops, and fetal death. Retrograde flow in the ductus arteriosus should prompt 
investigation for an right ventricular outflow tract obstruction. 


PA PD 
RV 
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Figure 6: Ductal view and aortic arch view. RV, right ventricle, PA, pulmonary artery, PD, ductus arteriosus, Ao, aortic arch, 
LA, left atrium. 


CAVAL LONG-AXIS VIEW 


The caval long-axis view is obtained with the imaging plane parallel to the caval connections to the right atrium. 
The superior vena cava and the inferior vena cava drain from a posterior position to a medial connection to the right 
atrium (Clip 14, Fig. 7). 
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Figure 7: Caval long-axis view. LA, left atrium, SVC, superior vena cava, IVC, inferior vena cava, RA, right atrium. 
MYOCARDIAL FUNCTION 


An assessment of fetal cardiac function can be made using traditional M mode to provide information on wall 
thickness and ventricular shortening fraction. An m-mode set of measurements can be made with the beam set 
perpendicular to the lower half of the interventricular septum [37,38]. The function can be measured as a shortening 
fraction > 30% (diastole-systole/diastole). Diastolic functions is impaired when a fetal and a fully developed 
myocardium are compared, indicating that fetal myocardium is less compliant. Observations on the diastolic 
function of the human fetal myocardium are made by Doppler echocardiographic blood flow velocity profiles. In the 
human fetus, peak blood flow velocity is greater during active filling (atrial contraction) than during the rapid filling 
phase, because of the atriosystolic function. This finding indicates diminished ventricular compliance in the fetal 
heart [39]. The fetus has a limited range of heart rates over which cardiac outputs can be maintained. Prolonged 
extreme bradycardia (heart rate less than 50 beats/min) or tachycardia (heart rate higher than 200) is known to cause 
congestive heart failure and hydrops. Some investigators have stated that alterations in heart rate are the major 
determinants of cardiac output. The relationship between cardiac cycle length and stroke volume indicates that the 
major regulator of cardiac output in the human fetus is the Frank-Starling mechanism. 


HEART RATE 


Cardiac rate and regular rhythm should be confirmed. Fetal cardiac activity is detectable from 6 weeks on by 
suprapubic ultrasound and about one week earlier by transvaginal ultrasound. The normal fetal heart rate varies with 
gestational age. It is around 100 beats per minute (bpm) at 8 weeks, reaches 175 bpm by 10 weeks, 150 at 15 weeks 
and slows further to about 140 +- 20 bpm at 20 weeks and 130 + - 20 bpm at term. Mild bradycardia is transiently 
observed in normal second-trimester fetuses. Fixed bradycardia, especially heart rates that remain below 110 
beats per minute, requires timely evaluation for possible heart block. Mild tachycardia (>160 beats per 
minute) can occur as a normal variant during fetal movement. Persistent tachycardia, however, should be 
further evaluated for possible fetal distress or more serious tachydysrhythmias [40,41]. 
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CHAPTER 4 


Real Time Three Dimensional Fetal Echocardiography Using Two 
Dimensional Array Technology. 
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Missouri, USA 


Abstract: Three dimensional (3D) echocardiography represents a major paradigm shift in medical ultrasound 
imaging. As opposed to reconstructed 3D echocardiography which is based on a series of two dimensional images, the 
revolutionary development of the two dimensional (2D) matrix phased array transducer permits true real time live 3D 
imaging of the fetal heart. Preliminary experience has demonstrated that real time/live 3D echocardiography is not 
only feasible in assessing the fetal cardiac anomalies, it also permits unique comprehensive views of the fetal 
heart that are unattainable with 2D echocardiography. With further evolution of the technology, and appropriate 
education and training RT3D echocardiography may evolve as a powerful supplement to conventional 2D 
echocardiography. 


Key Words: Real time three dimensional, Fetal echocardiography, Live 3D, Two dimensional matrix transducer. 
INTRODUCTION 


Congenital heart disease (CHD) continues to be a significant contributor to adverse perinatal outcomes and its 
prenatal recognition significantly improves the perinatal outcome [1]. Prenatal diagnosis of CHD has been possible 
only because of the advances in fetal echocardiography over the last three decades (Table 1). Recent advances in 
three dimensional (3D) ultrasound imaging represent one of the most important technological innovations in this 
field. Even in 2D echocardiography, the operator conceptually recreates the spatial 3D reality of the fetal heart out 
of the 2D sonographic images. Although the current approach continues to function well, the advantages of 3D 
imaging are potentially significant revealing anatomical and functional complexities of the heart. 


Currently there are two approaches to 3D sonography: (a) real time 3D (RT3D) echocardiography which generates 
and displays 3D images in real time, and (b) reconstructed 3D echocardiography which displays 3D images 
synthesized from sequential 2D images [2]. Real time 3D echocardiography is also known as live 3D 
echocardiography. The term four dimensional echocardiography is used to denote 3D images in motion, time being 
the fourth dimension. However, this may not distinguish between real time and reconstructed images. The 
technology of real time 3D echocardiography is still evolving and this review critically appraises this emerging 
technology in relation to fetal applications. The use of real time 3D in adult cardiac imaging [3] and in fetal cardiac 
assessment have been reported [4]. 


Table 1: Developmental History of Fetal Echocardiography 


Echo Mode First Author Journal 

M-mode Winsberg Invest Radiol, 1972 

2D Echo Allan et al Br Heart J, 1980 
Kleinman et al Pediatrics, 1980 

Duplex M-mode DeVore et al Am J Ob Gyn, 1980 

Duplex PW Doppler Maulik et al Am J Cardiol, 1982 


Am J Cardiol, 1985(Ab] 


Color Flow Doppler Maulik et al Angiology, 1986 
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DEVELOPMENT OF THREE DIMENSIONAL ECHOCARDIOGRAPHY 


The innovation of 3D medical imaging can be traced to computed tomography (CT] and magnetic resonance 
imaging (MRI] technologies and essentially where the 2D tomographic image slices generated by these modalities 
are digitally reconstructed to produce 3D images. These developments have revolutionized medical imaging and 
diagnostics. However, even with the continuing advances in technology, CT and MRI are not useful for diagnostic 
imaging of the fetal heart. 


Over the past decades, pioneering investigators utilized various experimental approaches involving offline 
reconstruction of 2D images [5-7]. The mode of image acquisition required locating the position of the transducer so 
that images could be collated in 3D spatial orientation. The method of tracking the transducer location included 
mechanical acoustic and magnetic devices. One of the most frequently utilized techniques in adult echocardiography 
employed a rotational transesophageal transducer with reconstruction of the 3D images with on or offline 
computers. However, these 3D methods could not perform in real time because of technological limitations. 


Similar technical solutions evolved for creating of 3D echocardiographic images in the fetus [8, 9]. These 
approaches were based on postimaging reconstruction of fetal cardiac anatomy out of stored scanned volume data 
acquired by automatic or freehand techniques. These techniques produced fetal cardiac images that were not 
amenable to any useful interpretation because of the image quality and a lack of coherence between cardiac 
anatomical imaging and cardiac activity. These limitations, however, were substantially rectified through the 
innovation of gating techniques such as spatio-temporal image correlation (STIC) combined with a motorized 
rotating transducer head [10]. The method was innovated in Kretztechnik of Austria which is now a subsidiary of 
GE Healthcare. This approach is currently available in various ultrasound devices and is used to produce surface 
rendered images of the fetus (Figure ). There are numerous reports on fetal echocardiography using reconstructed 
approach with STIC. However, this approach does not offer true real time 3D cardiac imaging and has several 
limitations including high susceptibility to motion artifacts. 


Two dimensional phased array technology for true RT3D ultrasound imaging was developed at the Duke University 
by von Ramm and associates [11]. Apparently the idea was first conceived for potential use as a sonar camera for 
underwater search and rescue. Because of its diagnostic potentials, the concept led to the development of medical 
imaging transducers with 2D array of numerous piezoelectric elements. and sparse phased array technology. In this 
array system, only a limited set of the elements of the array are used for transmission and reception of echoes. The 
image resolution of the sparse array technology was not adequate and the device as produced commercially 
(Volumetrics Ultrasound, North Carolina, USA) was not widely used. The next significant advances occurred in the 
Andover facility of the Agilent Technologies Healthcare Solutions Group, now a part of the Philips Medical System 
(Andover, Massachusetts, US) leading to the development of second generation two dimensional phased array 
technology. More recently, Siemens has also developed its own brand of real time 3D imaging technology. 
However, this is not available for fetal application at the time of writing this review. 


The developmental milestones of 3D echocardiography of the fetus are summarized in Table 2. 


Table 2: Developmental History of Three Dimensional Fetal Echocardiography 


Echo Mode First Author Journal 

3D Fetal Echo — 2D image integration Sklansky et al J Ultrasound Med, 1999 
Reconstructed 3D Fetal Echo — STIC DeVore et al Ultrasound Ob Gyn, 2003 
Real time 3D Maulik et al Echocardiography, 2003 


BASIC PRINCIPLES OF REAL TIME THREE DIMENSIONAL SONOGRAPHY 


There are three fundamental steps of 3D sonography: (a) image acquisition, (b) image processing and (c) image 
display. These steps are sequential. Contemporaneous implementation of these processes during scanning constitutes 
RT3D ultrasound (Fig. 1). 
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IMAGE ACQUISITION AND PROCESSING 
Two Dimensional Matrix Transducer 


The 2D matrix transducer is a phased array device comprised of approximately two to three thousand piezoelectric 
elements distributed in a two dimensional matrix array. All the elements transmit and receive unlike the sparse array 
system. The system steers the acoustic beam both in the azimuth and elevation producing a 3D pyramidal volume 
image data set in real time. The enormous volume of data thus generated offer a formidable challenge for real time 
processing. However, this issue was resolved by organizing the elements in groups known as subarrays with each 
subarray having its own beamformer. The subarray beam forming provides front end processing of the ultrasound 
signals, reduces the enormous computing burden, and facilitates RT3D image generation and display. Multiple 
miniaturized computer processor boards embedded inside the transducer handle perform this task. 


Image Data Processing 


The 3D image data are then transmitted to the ultrasound device’s main computer system which handles 
simultaneously multiple streams of digital image data. Utilizing advanced data processing, the system generates a 
three dimensional pyramid shaped digital image data set (Fig. 1). 


Real Time 3D Image Dataset 


ia Transducer End 


soc 


Figure 1: Real time 3D image data set is displayed. The upper end of the pyramid indicates the two dimensional transducer 
footprint (arrow). 


No gating is needed for this acquisition. This is known as the live 3D volume acquisition. A wider pyramidal 
volume known as the full volume measuring can also be imaged by swift automatic real time acquisition and 
integration of subvolumes. Generation of the full volume, however, requires some form of cardiac gating. In the 
adult or pediatric patient this is provided by the electrocardiogram of the patient. Obviously this is not feasible in the 
fetus. We have successfully simulated cardiac gating with an external electronic pulse generator trigger enabling us 
to acquire full volume data set of the fetal heart without any recognizable artifacts. The gating function is now 
integrated in the device. 


THREE DIMENSIONAL IMAGE DISPLAY AND ANALYSES 


The final critical component in 3D imaging is the analyses and display of the volume data set. This can be 
performed on the machine or offline using a proprietary software program (QLab, Philips Medical Systems) (Fig. 2). 


Image Analysis of a Full Volume 
Clip of Fetal Heart (Maulik et al, 2005) 


Image Analyses Tools 


Figure 2: Real time 3D fetal echocardiography: A full volume 3D image data clip of the fetal heart and software image analysis 
tools are displayed in this illustration. 
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Three dimensional images can be displayed by (a) surface rendering with identification of various structures, or (b) 
volume rendering which creates a texture mapped block such as a pyramidal 3D object which can be rotated and 
cropped to reveal internal structures or flow (Fig. 3). 


Live 3D Four Chamber View of 
the Fetal Heart (mautik et al, 2005) 


3D Image 
Box 


Simulated Fetal 
Heart Tracing 


Figure 3: Live 3D echocardiogram showing a four chamber view of the fetal heart. Fine line box depicts 3D orientation of the 
image data. The electrocardiogram in the lower part of the figure is actually simulated fetal heart tracing. 


In addition to the structural evaluation, assessment of several cardiac functional parameters such as the ventricular 
volume and the ejection fraction can be determined. The software also allows optimization of the image attributes 
such as brightness and contrast. Fetal applications of these echocardiographic techniques are further discussed 
below. 


The 3D image processing and display require defining the spatial location of a point in 3D space from the image 
data. The unit of 3D spatial graphic information is known as a voxel. The term stands for volume pixel and 
constitutes the smallest definable unit of a 3D image. A voxel is the 3D counterpart of a pixel which defines location 
in a 2D plane. Geometrically, the relative spatial locations of a voxel are represented by the Cartesian coordinates x, 
y and z (Fig. 4). 


Cartesian Coordinates 


Figure 4: Graphic illustration of the concept of a voxel which forms the units of the 3D image data. X, Y and Z represents the 
orthogonal coordinates (Cartesian) for the 3D space. 


The location is defined by the point’s distances from three orthogonal planes determined by these coordinates. This 
is a fundamental concept for 3D image processing and interpretation. Each voxel can be digitally quantified to 
represent objective properties such as opacity, density, color, velocity, or even time. 


VOLUME RENDERED VIEWS 


The volume rendered moving image clips are reanalyzed with the software. This includes cropping image volume 
along the Cartesian orthogonal co-ordinates, X, Y, Z (Fig. 5). Additional intracardiac anatomical views can be 
revealed by rotating the cropped 3D volume. Cropping can also be performed in variable inclined or oblique planes 
also known as adjustable planes. 
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Figure 5: Real time 3D fetal echocardiography. Fetal cardiac 3D image volume data is shown with the orthogonal (line box 
around the volume) and adjustable (green panel) cropping planes. 


This technique permits a systematic examination of the cardiac chambers, the atrioventricular connections, the 
mitral and tricuspid valves, the interventricular and interatrial septa, and the outflow tracts and their interrelationship 


(Fig. 6). 


Atrial & Ventricular Septa: 3D Real Time 
Fetal Echocardiography (Maulik, 2005) 


Figure 6: Real time 3D fetal echocardiogram showing cardiac structures following cropping in two orthogonal planes and 
rotating the image data set. 


Moreover, it enables visualization of surface or “en face” views of intracardiac structures. Such anatomical views 
and details could be of great value for prenatal diagnosis and prognostication. 


TWO DIMENSIONAL VIEWS OF THREE DIMENSIONAL IMAGE DATA: MULTIPLANAR AND 
TOMOGRAPHIC VIEWS 


Multiplanar viewing using orthogonal and inclined planes can also performed revealing display of 2D cardiac 
images in three separate planes simultaneously (Fig. 7). 


Image Analysis: Multiplanar Views 
Maulik et al, 2006. 
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Figure 7: Real time 3D fetal echocardiography. The left panel shows the 3D image data volume and the software analytic tools. 
The right panel shows multiplanar views of the fetal heart. The lower right subpanel shows the image planes (MPR) of the other 
three 2D cardiac images. 
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Similarly, tomographic 2D image slices of the heart can be generated with control over the region of interest, the 
number of slices and the thickness of a slice (Fig. 8) 


Image Analysis 
Tomographic Slicing 


Variable thickness, depth and 


number of slices 


Figure 8: Real time 3D fetal echocardiogram showing the tomographic slicing of the 3D cardiac image volume (upper right 
panel). The lower most right panels show the orientation, thickness and number of image slices. 


THREE DIMENSIONAL REAL TIME COLOR DOPPLER ECHOCARDIOGRAPHY 


Three dimensional color Doppler imaging of the intracardiac flow can be acquired with 2D matrix array technology 
(Fig. 9). However, the inherent limitations of Doppler sonography such as angle dependence are also applicable in 
these modalities. 


Mitral and Tricuspid Flow: 3D Real 
Time Color Doppler Imaging (maulik, 2006) 
- 


Figure 9: Real time 3D color Doppler fetal echocardiogram showing atrioventricular flow. LA = left atrium; LV = left ventricle; 
RA = right atrium; RV = right ventricle; MV = mitral valve; TV = tricuspid valve; IAS = interatrial septum; IVS = 
interventricular septum; S = ventricular septum 


Three dimensional color Doppler flow depiction can be used to quantify abnormal flow conditions such as 
regurgitant jets and turbulent flow (Fig. 10). Potential also exists to quantify volumetric flow using this approach. 


Figure 10: Live 3D echocardiography in 36 week old fetus with complete atrioventricular septal defect. Four chamber views 
cropped to show the abnormal atrioventricular hemodynamics. (Modified with permission from reference 4) 


Real Time Three Dimensional Fetal Echocardiography Using Four Dimensional Fetal Echocardiography 35 
FUNCTIONAL ASSESSMENT OF THE HEART 


An additional innovative aspect of the image analytic software is the ability to perform dynamic cardiac 
quantification such as the ventricular volume through the cardiac cycle and the ejection fraction. The distinct 
advantage of RT3D approach over traditional echocardiography is that it is not subject to assumptions regarding the 
volume and the shape. The current RT3D technology allows fast creation of a full 3D wire-mesh endocardial 
volume that is sensitive to the annulus and apex motions. Detailed analysis of the left regional and global ventricular 
function can be performed using RT3D technology. 


FETAL APPLICATION OF RT3D ECHOCARDIOGRAPHY 


The feasibility of using RT3D fetal echocardiography was demonstrated by Maulik and colleagues in 2003. The 
study demonstrated the unique capabilities of the technique in clarifying the complex structural and hemodynamic 
abnormalities of congenital heart defects of the fetus. Specifically, the en face views of cardiac lesions such as 
common atrio-ventricular valves or a ventricular septal defect provide anatomical perspectives beyond the scope of 
the existing two dimensional echocardiography technology (Figs. 11, 12 and 13) [4]. 


Figure 11: Live 3D echocardiography in 36 week old fetus with complete atrioventricular septal defect. Four chamber views 
cropped to show the common atrioventricular valve (v) and the defect (asterisk). (Modified with permission from reference 4) 


Live 3D View of Complete 
Atrioventricular Septal Defet 


Figure 12: Live 3D echocardiography in 36 week old fetus with complete atrioventricular septal defect. The pyramidal section 
has been cropped from the top and rotated toward the examinerto di0play all five leaflets of the common atrioventricular valve 
(V); posterior (P), left lateral (L1), left anterior (A1), right anterior (A2), and right lateral (L2). Small portion of the ventricular 
septum (S) and atrial septum (AS) have been retained to show their relationship to V. V is open in A and closed in B (Modified 
with permission from reference 4) 
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Figure 13: Live 3D echocardiography in 36 week old fetus with complete atrioventricular septal defect. En face viewing of the 
defect (asterisk) from the inferior aspect. (Modified with permission from reference 4) 


Subsequent publications have further confirmed this [12]. Acar and colleagues used RT3D echocardiography using 
the matrix probe in 60 fetuses 16 of whom had congenital cardiac defects or myocardial dysfunction. The procedure 
was successful in 93%. The investigators found the technique helpful allowing a multiplanar and novel inside 3D 
views of the fetal heart. Chen and co-workers compared diagnostic efficacy of RT3D echocardiography with 2D 
echocardiography in 30 patients with complex defects. [13]. Receiver operating characteristic (ROC) analysis 
showed that when in predicting the surgical findings, RT3D echocardiography was correct in 75.6% and 2D 
echocardiography was correct in 64.4% of the cases. 


CHALLENGES FOR REAL TIME 3D ECHOCARDIOGRAPHY OF THE FETUS 


The major challenge for the current stage of the technology is the natural resistance to adopting apparently complex 
new technology. This is partly related to the fact the value of real time 3D echocardiography in prenatal diagnosis of 
complex cardiac defects remains underestimated. There are also technological issues related to fetal application of 
the technology. This technology is developed primarily for adult and pediatric cardiac diagnosis and therefore is not 
optimized for fetal application. Specifically the currently available 3 Mz adult transducer may not provide optimal 
resolution for prenatal diagnosis. The current 7 MHz pediatric transducer provides significantly improved image 
resolution but may not always provide enough depth penetration. The newer generation transducers with pure crystal 
technology may improve this situation. 


The software tools for image analysis are highly sophisticated but may offer a steep learning curve for many. A 
recent study demonstrated the benefits of intensive education and training on the diagnostic efficacy. Jenkins and 
associates [14] investigated the impact of an intensive interactive training course on the efficacy of RT3D 
echocardiography in adult patients and found that training significantly improved the correct diagnosis rate of the 
new technique. However, there was no additional value of the technique over traditional 2D technology without 
such training although most participants had access to the RT3D method. This would be even more relevant for fetal 
application of the technology. Emergence of automation in image analysis may also significantly enhance its 
adoption for the main stream practice. Finally there is a great need for further research and education in this field. 
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CHAPTER 5 


Rendering Cardiac Volumes in Three and Four-Dimensional Ultrasonography 


Jimmy Espinoza* 
Department of Obstetrics and Gynecology, William Beaumont Hospital Royal Oak, MI USA 


Abstract: This chapter summarizes different approaches currently used to examine the fetal heart using three and 
four-dimensional ultrasonography with a particular emphasis on multiplanar display and novel rendering 
modalities. These new imaging modalities provide important insight into the normal and abnormal fetal cardiac 
anatomy and function and have the potential to reduce the operator dependency that characterizes two- 
dimensional ultrasound. 


Key Words: Fetal Echocardiography, 4D Fetal Echocardiography, Volume Rendering. 
INTRODUCTION 


A growing body of evidence indicates that four-dimensional (4D) ultrasound imaging with spatiotemporal image 
correlation (STIC) facilitates examination of the fetal heart [1-45]. Thus, 4D fetal echocardiography have the 
potential to reduce the operator dependency that characterize two-dimensional ultrasonography and may increase the 
detection rate of congenital heart defects (CHDs). Volume datasets obtained with 4D sonography can be compared 
with blocks of pathological specimens, where all the anatomical information is contained in the block and the 
information displayed depends on the level at which the block is cut, with the additional advantages that these planes 
can be assessed in a virtual beating heart and that rendering techniques can be used to gain additional insight into the 
structure and function of the fetal heart. Prenatal diagnosis of congenital heart defects is challenging because of the 
structural complexity of the heart and the expertise required to master the use of standard planes for fetal 
echocardiography. In addition fetal and/or maternal motion, maternal body mass index, gestational age, adequacy of 
the amniotic fluid volume and fetal position are important factors that can affect image quality. Prenatal diagnosis of 
CHDs is desirable because unrecognized congenital heart defects may be associated with worse neonatal outcome. 
4D ultrasonography with spatiotemporal image correlation (STIC) allows the acquisition and storage of volume data 
sets of the fetal heart using which can be resliced to obtain the standard planes for fetal echocardiography, as well as 
novel planes. In addition to this anatomic information, functional information of the fetal heart can also be obtained 
including the direction of blood flow if the volume dataset was obtained color Doppler or high dimensional (HD) 
power Doppler 


The image quality contained in a STIC volume dataset can be substantially improved by optimizing the settings 
before acquisition. This can be achieved by adjusting the two-dimensional grayscale and color Doppler parameters. 
Our preference is to use low persistence, high contrast, and high frame rate settings. Typical acquisition time ranges 
from 5 to 15 seconds. Shorter acquisition times can be used to minimize motion artifacts but this reduces the image 
spatial resolution. At the time of volume acquisition, transverse sweeps of the fetal thorax can yield better images of 
four-chamber, five-chamber, and three-vessel and trachea views. In contrast, sagittal sweeps through the fetal thorax 
can yield better images of the aortic and ductal arches as well as the venous connections to the fetal heart 


Evaluation of the Fetal Heart Using 3D and 4D Ultrasonography 


Two-dimensional (2D) ultrasonography relies on standard anatomic planes for the examination of the fetal heart, 
including the four-chamber view, three-vessel and trachea view, the left and right outflow tracts [46-51]. However, 
visualization of vascular connections to the fetal heart with two-dimensional (2D) ultrasonography requires the 
examiner to scan these vascular structures in multiple scanning planes to obtain a mental reconstruction of their 
spatial relationships. This process can be facilitated using different display modalities used in 3D and 4D 
ultrasonography including power Doppler reconstruction 3D and 4D volume datasets, [52-56] minimum projection 
mode, [39] inversion mode, [40, 42, 57] and B-flow. [58-60] 
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Multiplanar Display 


Multiplanar display is a unique modality available in 3D and 4D ultrasonography that allows for the simultaneous 
visualization of three anatomic planes which are orthogonal to each other: the transverse, sagittal and coronal planes 


(Fig. 1). 


=. 
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Figure 1: Volume datasets were adjusted to display the four chamber view in panel A, where the fetal aorta was aligned with the 
crux of the heart in the vertical plane. The reference dot was positioned in the aorta allowing the visualization of the coronal view 
of the descending aorta in panel C. 


Moreover, an imaging tool referred as the reference dot allows for the identification of anatomic structures in these 
three orthogonal planes. This display modality can also be used to scroll through the volume data set to visualize the 
transverse view of the upper abdomen, four-chamber view, five-chamber view and the three-vessel view. 


A central feature of this display modality is the ability to focus on a specific anatomic structure in panel A by 
placing the reference dot in the structure and visualizing the same structure in two perpendicular planes displayed in 
panels B and C (Fig. 1). Using this approach we demonstrated that the simultaneous display of orthogonal planes of 
abnormal vascular connections to the fetal heart facilitated the identification of the nature of the abnormal vessel and 
the visualization of its spatial relationships with other vascular structures. Indeed, the multiplanar view allowed for 
the visualization of the drainage of a dilated azygos/vein into the SVC (Fig. 2) in a fetus with interrupted IVC with 
hemiazygos vein continuation. 


This technique involves the visualization of standard views used in fetal echocardiography in panel A and the 
subsequent placement of the reference dot in the abnormal vascular structure to identify the nature of the vessel and 
its connections which where displayed using the sagittal and coronal planes in panels B and C, respectively. This 
technique can be improved by adding the spin technique [61] (see below). 
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Figure 2: Multiplanar display of a dilated hemiazygos vein in a fetus with interrupted inferior vena cava and dextrocardia. The 
reference dot was placed in the dilated hemiazygos vein in the four chamber view of the heart in panel A. This allowed for both 
the visualization of the sagittal view of the hemiazygos vein in panel B and the coronal view of the dilated hemiazygos vein in 
panel C. The rotation of the coronal view to a vertical position on panel C allowed for the visualization of the dilated hemiazygos 
vein draining into the SVC. SVC: superior vena cava; RA: right atrium 
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Several algorithms using the multiplanar display have been proposed for simultaneous display of both outflow tracts 
[25], to visualize the aortic and ductal arches [62], (Video 1) and to determine the nature of vascular connections to 
the fetal heart using the spin technique [38]. The later involves positioning the reference dot in the center of the 
structure and ‘spinning ’ the volume data set around the y axis to determine its spatial relationship with the heart and 
other vascular structures and to identify its nature 


A detailed examination of the fetal heart has been proposed to include a long-axis view of the arterial duct [51] 
(sagittal view of the ductal arch). This sonographic plane allows visualization of the right ventricle in continuity 
with the main pulmonary artery, pulmonary valve, ductus arteriosus, and descending aorta, as well as a transverse 
view of the ascending aorta (Fig. 3). 


Figure 3: The components of the sagittal view of the ductal arch (Fig. 1a) as determined by the multiplanar display are displayed 
in Fig. 1b, including: right ventricular outlet (RV), main pulmonary artery (PA), ductus arteriosus (DA), descending aorta (DAo), 
and a cross-section of the ascending aorta (AAo). 


The sagittal view of the ductal arch can be easily obtained using 4D volume datasets of the fetal heart acquired with 
STIC by following the first two steps of a reported algorithm [63]. Briefly: 


1. The volume datasets are adjusted to display the four-chamber view in panel A, where the fetal aorta was 
aligned with the crux of the heart in the vertical plane. The reference dot is positioned in the aorta, allowing the 
visualization of the coronal view of the descending aorta in panel C (Fig. 1). 


2. In panel C, the image is rotated to display the aorta in a vertical position. This allowed for the visualization of 
the sagittal view of the ductal arch in panel B and the four chamber view in panel A (Fig. 4). 


Figure 4: In panel C, the image was rotated to display the aorta in a vertical position, when necessary. This allowed for the 
visualization of the longitudinal view of the ductal arch in panel B. 


Video 2 illustrates the simplicity of these steps. A retrospective study using this approach [63] reported that the 
visualization rate of the sagittal view of the ductal arch was significantly lower in fetuses with conotruncal 
anomalies 5.6% (1/18), than among normal fetuses [93.1% (108/116)] and those with other CHDs [79.4% (27/34); 
p<0.01]. The authors concluded that the inability to visualize the ductal arch using the proposed algorithm should 
raise the possibility of conotruncal anomalies because it is associated with a nine-fold increase in the risk for a 
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conotruncal anomaly [64]. However, prospective studies are required to determine the value of the proposed 
approach in the screening for conotruncal anomalies 


Rendering techniques can also be applied to the visualization of vascular connections to the fetal heart to obtain a 
depth perspective using a “thick slice”. (Fig. 5) 


Figure 5: “thick slice” rendering of an aortic arch in a patient with aortic coarctation. Contraductal shelf (CS), descending aorta 
(D Ao), inferior vena cava (IVC), left ventricle (LV), left atrium (LA), ascending aorta (A Ao), left subclavian artery (LSA) 


Automated Display of Multiple Slices 


Several ultrasound manufacturers provide software to automatically slice 3D and 4D volume data sets (Multislice 
View ™ ; Accuvix, Medison, Seoul, Korea; Tomographic Ultrasound Imaging; GE Healthcare, Milwaukee, WI; 
iSlice; Philips Medical Systems, Bothell, WA; Multi-Slice View; Siemens Medical Solutions, Malvern, PA). This 
technology allows an examiner to automatically display several slices that are parallel to each other on a single 
screen 


TUI has been introduced as a new display technology for 3DUS and 4DUS. This modality allows for the 
simultaneous display of up to eight parallel planes whose distance can be adjusted for a better visualization of 
anatomic planes. Thus, TUI allows the visualization of multiple sections of a beating heart at the same time. An 
“overview image” is shown on the upper left corner. This view shows a plane orthogonal to the slices, and parallel 
lines demarcate the position of the slices within the volume dataset (Fig. 6). 


19.10.2004 10:32:20 


Figure 6: An “overview image” is shown on the upper left corner. The parallel lines determine the position of the eight 
orthogonal planes to the plane containing the “overview image” 


The user can adjust the number and position of the slices with specific software controls. TUI has been used for the 
examination of the fetal heart [65-68]. and other fetal organs [69]. However, the simple use of parallel planes to the 
four-chamber view of the heart does not allow for the visualization of the long axis view of the left outflow tract and 
the short axis view of the aorta, which are considered part of an integral examination of the fetal heart [49-51, 70]. 
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Moreover, the untargeted use of TUI allows for the simultaneous display of anatomic planes with and without 
diagnostic value. In order to determine the minimum number of images required for a comprehensive examination 
of the fetal heart we developed an algorithm using TUI and STIC [71]. This algorithm allows for the simultaneous 
visualization of the standard planes for fetal echocardiography including the four-chamber view, three-vessel view, 
left outflow tract and short axis (right outflow tract), in most fetuses without CHDs [71]. With the use of this 
algorithm a normal four-chamber view, five-chamber view, longitudinal view of the ductal arch, three-vessel and 
trachea view, left outflow tract and short axis were visualized in 99%, 96.9% , 98.5 % , 88.2%, 93.3%, and 87.2% of 
the volume datasets, respectively. 


Similar results were recently reported by Rizzo et al [72]. using STIC and a simplified method referred to as the 
“three-steps technique.” 


The former algorithm involves the steps that are displayed in Video 3 and include: 


Step 1: Placement of the reference dot in the crux of the heart and alignment of the aorta in the midline on panel A 
(Fig. 7) 


Figure 7: Volume datasets were adjusted to display the four chamber view in panel A, where the fetal aorta was aligned with the 
crux of the heart in the vertical plane. RV: right ventricle; LV: left ventricle; Ao: aorta 


Step 2: Placement of the reference dot on the aorta in panel A to visualize the coronal view of the aorta in Panel C 
(Fig. 8) 


19.10.2004 10:32:20 


Figure 8: The reference dot was positioned on the aorta in panel A allowing the visualization of the coronal view of the 
descending aorta in panel C. 


Step 3: On panel C, rotate the aorta until it is in a vertical position. This allows the visualization of the sagittal view 
of the ductal arch in panel B (Fig. 9) 
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19.10.2004 10:32:20 


Figure 9: In panel C the image was rotated to display the aorta in a vertical position. This allowed for the visualization 


Step 4: Move the reference dot back to crux of the heart in panel A, in preparation for TUI activation 

Step 5: Activate Tomographic Ultrasound Imaging 

Step 6: Reduce the number of slices to 3 and change the display format to four planes. This will automatically 
enlarge the images displayed (Fig. 10) 


19.10.2004 10:32:20 


Fig 10: see text 
Step 7: Right click on panel A and move the image to place reference dot in the aorta. This step allowed the 
visualization of the five-chamber view on panel C which corresponds to the slice marked with an asterisk in the 


“overview image” (Fig. 11) 


19.10.2004 10:32:20 


Figure 11: see text 
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Step 8: Click on the “adjust” option and right click on panel B to display a horizontal arrow. Move this arrow to the 
left until the upper line (-1) on panel A coincides with the ductal arch. (Fig. 11) 


Step 9: Right click on panel D to display the horizontal arrow. Move this arrow to the left until the lower line (1) on 
panel A coincides with the edge of the aorta. This allowed the visualization of the four-chamber view on panel D in 
99% (193/195) of fetuses without heart defects (Fig. 11) 


Step 10: Left click on panel C and on “Rotation Y”. Scroll the bar on the “Rotation Y” to the right until the left 
outflow tract is visualized on panel C. This is generally accomplished with a right sided rotation between 8 to 22 
degrees depending on the gestational age at which the volume dataset was obtained. This step allows the 
visualization of the left outflow tract in panel C and the short axis of the aorta in panel A. In about one third of 
fetuses the reference dot in panel C need to be placed above the aortic valve to visualize the short axis of the aorta in 
panel A. (Fig. 12) 


19.10.2004 10:32:20 


Figure 12: see text 


Rendering Techniques 


Several rendering algorithms have been described for visualization of the three-dimensional structure and spatial 
relationships of great vessels and venous return to the heart. These images can be obtained by acquiring volume data 
sets with gray-scale, color Doppler, power Doppler or B-flow imaging 


Inversion Mode 


The “inversion mode” is a new rendering algorithm that transforms echolucent structures into solid vowels. Thus, 
anechoic structures such as the heart chambers, lumen of the great vessels, stomach and bladder appear echogenic on 
the rendered image, whereas structures that are normally echogenic prior to gray-scale inversion become anechoic. 
Post processing adjustments are performed as necessary, including adjustments of the gamma curve, threshold and 
transparency to improve image quality. The technique allows examiners to obtain 4D rendered images of 
cardiovascular structures from volume data sets acquired with gray-scale only, without the need for color Doppler, 
power Doppler, or B-flow imaging. We have previously demonstrated the value of the display technique in the 
visualization of dilated azygos or hemiazygos veins and their spatial relationships with the descending aorta, the 
aortic arch, the SVC, the right atrium, and the fetal spine in cases of interrupted IVC associated with and without 
heterodoxy syndromes (Fig. 13). 


As mentioned above, volume datasets obtained with a sagittal sweep of the fetal chest are preferred over those 
obtained using a transverse sweep when evaluating the normal or abnormal vascular connection to the fetal heart. 
Once a sagittal view of the heart is visualized in Panel A, the region of interest was selected in panel B, reducing the 
rendering box height and width to display only the fetal spine, fetal heart and its vascular connections. Next the 
direction of view (green dotted line) was set to display the sagittal view of the heart in the anteroposterior projection 
and finally the “inversion mode” rendering algorithm was selected in the ultrasound equipment with the threshold 
filter set between 70 and 90. 
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Figure 13: Three-dimensional images of a fetal heart rendered with the “inversion mode” in case of interrupted IVC with azygos 
vein continuation. RA: right atrium; SVC: superior vena cava. A posterior view of the fetal heart shows a dilated azygos vein 
located to the right of the descending aorta. The arch of this vein forms a Y image with the aortic arch before joining the SVC 


Transparence Modes 


The minimum projection mode (MPM) is another volume-rendering tool that allows preferential display of 
minimum gray values within a volume dataset. This algorithm can be useful for displaying vascular structures and 
fluid-filled organs [73-74]. The MPM can provide important insight into the spatial relationships of abnormal 
vascular connections to the fetal heart in the upper mediastinum and could potentially be useful in the determination 
of atria morphology in cases of left and right isomerism.” (Fig. 14) 
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Figure 14: Comparison of minimum projection mode (MPM) images, on the right, with their corresponding two-dimensional 
images, on the left, in a case of left isomerism with interrupted IVC and azygos continuation. A) The four-chamber view shows a 
two-vessel sign; the MPM image shows that both atria appendages (APP) are morphologically left; B) Three-vessel view. In the 
MPM image, the azygos vein drains into the superior vena cava (SVC) and the right atrium, whereas the two-dimensional 
ultrasound image shows only the ascending aorta, the pulmonary artery and the dilated right atrium. RA: right atrium, RV: right 
ventricle; LV: left ventricle; LA left atrium, Ao: aorta; AZ: Azygos vein; PA: pulmonary artery; Ao Arch: aortic arch, T: trachea, 
*: Azygos’ arch 


B-flow 


B-flow is a new display modality in 4D ultrasound that digitally enhances signals from weak blood reflectors from 
vessels and, at the same time, suppresses strong signals from surrounding tissues [75-77]. Because this technology 
does not rely on Doppler methods to display blood flow, it is angle-independent and does not interfere with the 
frame rate. This is potentially advantageous over color or power Doppler imaging when used in conjunction with 
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STIC for the evaluation of the fetal vasculature. In B-flow imaging the echoes from the tissue and that of the blood 
flow can be displayed with high resolution and without the overlay that characterizes color Doppler imaging. 
Moreover, B-flow may have less signal drop out when the ultrasound beam is perpendicular to the vessel. The use of 
B-flow in the case presented herein demonstrates that this imaging modality provides important insight into the 
location and nature of arch abnormalities in fetuses with coarctation of aorta. Indeed, B-flow allowed for a clear 
visualization of a thin and tortuous aortic arch as well as its spatial relationships with the fetal heart and other 
vascular structures (Fig 15). 


Figure 15: B-flow imaging of a narrow and tortuous aortic arch aortic arch and its relationship with the heart and other vascular 
structures: aortic arch (Ao A), descending aorta (Dao), ductus venosus (DV), inferior vena cava (IVC), umbilical artery (UA) 
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CHAPTER 6 


Analysis of Acquired Volumes: Methodological Approach 
Greggory R DeVore 


Fetal Diagnostic Center Pasadena, CA, USA 


Abstract: The purpose of this paper is to review how 3D/4D echocardiographic images can be manipulated to 
maximize the information regarding cardiac structure to improve the diagnostic yield of congenital heart defects. The 
following topics are discussed: (1) the differences between 3D and 4D ultrasound; (2) basic imaging principles of four- 
dimensional ultrasound when using spatial-temporal image correlation, real-time volume display, and matrix array 
technology; (3) analysis of acquired volumes using X,Y and Z rotation, the transverse sweep, the spin technique, 
tomographic imaging, rendering, inversion, and B-flow. The conclusion is that while the 3D and 4D volumes are easy to 
acquire, the user must understand the number of tools available to enhance the examination of the fetal heart. 


Key Words: 4D ultrasound, Fetal echocardiography, Cardiac volumes, Methodology. 
INTRODUCTION 


Fetal echocardiography was introduced to clinical medicine in the early 1980’s when the first studies reported its use 
for evaluation of cardiac arrhythmias as well as basic cardiac anatomy using M-mode, M-Mode-directed real-time, 
and real-time ultrasound [1-21]. In the late 1980’s color and pulsed Doppler ultrasound were added to the 
armamentarium so that blood flow could be evaluated. [22-29]. These diagnostic tools allowed the fetal examiner 
utilize tools that were the standard for pediatric and adult echocardiography [30]. 


During the past seven years a new imaging modality, 3D/4D ultrasound, has emerged as an important adjunct to 
cardiac imaging [31-72]. This modality has allowed the examiner to review cardiac anatomical relationships in a 
manner that has not been available in the past. After acquiring 3D/4D fetal cardiac volume datasets the examiner 
must use sophisticated online and/or offline computer programs to analyze the fetal heart. For many physicians who 
are only familiar with acquiring and interpreting 2D images (B-mode, color Doppler, pulsed Doppler) the concept of 
manipulating a 3D/4D dataset may be a daunting task. The purpose of this paper is to review how 3D/4D 
echocardiographic images can be manipulated to maximize the information regarding cardiac structure for improved 
diagnostic yield. This paper will include a description of each technique, a cine clip illustrating the technique, a link 
to a free downloadable program used for volume manipulation, and sample volumes the user can download and evaluate. 


DIFFERENCES BETWEEN 3D AND 4D ULTRASOUND 


When three-dimensional (3D) ultrasound was introduced to the imaging community as a commercial product it 
consisted of multiple 2D images that were stacked one behind another during a manual or automated sweep of the 
transducer beam through an area of interest (Fig. 1). 


Figure 1: This illustrates the acquisition of multiple 2D images obtained during the sweep of the transducer beam through the 
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fetal chest. These images are used to create a dataset of voxels that are used to reconstruct 3D and 4D images of the fetal heart. 
This technique is used with mechanical transducers in non-pediatric 3D and 4D ultrasound machines. 


Imaging of the heart proceeded without regard to changes in diastolic and systolic cardiac configuration that occur 
during the cardiac cycle. The ‘‘non-gated’’ approach to reconstructive 3D imaging results in a “‘static’’ image 
display of non-cardiovascular and cardiovascular anatomy that can be examined simultaneously in three planes (X, 
Y and Z) that are perpendicular to each other (Fig. 2). 


Figure 2: Following the acquisition of sequential, parallel 2D images, the volume dataset is created containing voxels. 
Each voxel consist of a volume of image pixels that have an X, Y, and Z component. The X plane image is obtained 
during the initial acquisition and has the characteristics of axial (A) and lateral (L) resolution of the 2D image which is a 
function of the characteristics of the transducer beam. The Y and Z planes also have axial and lateral resolution. However, 
the resolution in these planes is a function of the transducer beam as well as the size of the voxel that is created from the 
original volume dataset. For this reason, the Y and Z images are of lower resolution than the image in the X plane. 


The X plane image has the highest resolution and is equivalent to the 2D image displayed during the 3D volume 
acquisition (Fig. 2). The X plane image consists of pixels that have the properties of axial and lateral resolution, 
identical to a typical 2D image. Axial resolution provides the greatest detail for imaging tissue structures in the plane 
of the ultrasound beam, while lateral resolution provides less detail because it displays structures lateral to the 
ultrasound beam (Fig. 2). Therefore, the X plane image would be equivalent to a 2D image displayed during a non- 
3D examination of the fetus. As the two-dimensional images acquired during the 3D volume acquisition are stacked 
one behind another, a voxel is created which has X, Y, and Z components (Fig. 2). The size of the voxel determines 
the resolution of the images in the Y and Z planes (Fig. 2). The 3D Y plane displays an image perpendicular to the X 
plane, in a vertical orientation (Fig. 2). This image has less detail than the X plane image because it is reconstructed 
from voxels within the volume dataset. Although the Y plane image has less detail than the X plane image, it has 
more detail than the Z plane image. The Z plane image is perpendicular and horizontal to the X plane (Fig. 2). 


While the ability to examine cardiac structures in three perpendicular planes is a new approach not available with 
conventional 2D imaging, there are two limitations when comparing this to a 2D real-time image display of the fetal 
heart. The first is that the image is “‘static’’, thus not displaying a real-time image of cardiac structures, i.e. wall 
motion and opening and closing of valves. This would be equivalent to a freeze frame image obtained by pausing a 
video tape player, or freezing a still image while performing a live 2D real-time examination. The second limitation 
is the speed at which the volume dataset is acquired. All 3D ultrasound machines allow the examiner to control the 
sweep speed during image acquisition. The slower the sweep speed, the higher the resolution of the images 
displayed in the Y and Z planes. However, at slower sweep speeds artifact is introduced in the Y and Z planes as the 
result of fetal somatic and cardiac motion (Fig. 3), thus negating the benefit of the 3D volume dataset. Conversely, 
the faster the sweep speed the lower the resolution in the Y and Z planes. However, with a faster sweep speed there 
is less of a chance of artifact introduced from cardiac motion (Fig. 3). 
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Artifact 


Lower Resolution - Faster Sweep Speed 


Figure 3: This is a static 3D sweep through the fetal chest containing cardiac structures. This image acquisition was sagittal, 
from left to right. The Y plane illustrates the reconstructed four-chamber view of the heart. The upper panel demonstrates the X 
and Y planes in which the sweep speed is set at a slow rate to acquire a greater number of 2D images to construct the 3D dataset. 
Using this technique increases the image resolution in the X plane. However, because of the decreased sweep speed, there is 
artifact in the Y plane resulting from contraction of the fetal heart during the image acquisition. The lower panel demonstrates a 
similar sweep at a lower speed. The Y plane does not demonstrate artifact, however, the image resolution of the four-chamber 
view is less. 


Because the 3D static sweep captures cardiac structures randomly within the cardiac cycle, measurements of 
chamber and outflow tract dimensions at end-diastole or end-systole cannot be made. Therefore, when the examiner 
acquires a 3D static volume dataset of the fetal heart it is desirable to determine the transducer sweep speed that 
optimizes image resolution without introducing movement artifact in the Y and Z planes. 


Basic Imaging Principles of Four-Dimensional Ultrasound 


The question often asked is “what is four-dimensional (4D) ultrasound?” The fourth dimension is time, i.e. rapidly 
displaying 3D datasets so that the structures displayed on the screen appear to be moving. This gives the impression 
of motion such as a smiling face, movement of extremities, and contraction of the heart. This is similar to real-time 
ultrasound in which static 2D images are displayed on the screen at a rapid rate (frequency) giving the illusion of 
movement. Currently, there are several 4D technologies that are commercially available that will be discussed in this 
section. 


Mechanical Array Transducer 


Spatial-Temporal Image Correlation (STIC) 


Initially the reconstruction of image datasets was time consuming and could only be performed with computerized 
offline data analysis and rendering. This prevented the clinical use of this technology on a widespread basis. In 2002 
GE-Kretz (Voluson 730 Expert, Zipf, Austria) introduced the first clinical ultrasound machine that reconstructed 3- 
dimensional datasets of the fetal heart and displayed a cine loop of a single cardiac cycle [48]. The technology that 
was used is called spatial-temporal image correlation (STIC). After the introduction of B-mode STIC in 2002, STIC 
color and power Doppler were introduced in 2003 [44]. Since the first introduction of STIC, additional 
manufacturers have introduced similar technologies. The STIC volume display consists of thousands of 2D images 
acquired through the area of interest during a single sweep that lasts between 7.5 and 15 seconds. The images are 
then analyzed and multiple volumes are correlated with end-systole and end-diastole to create a cine loop of a single 
cardiac cycle. This allows the examiner to evaluate the volume dataset, identical to what is accomplished with the 
3D static volume, with the only difference being that cardiac structures are viewed as a cine loop of a single cardiac 
cycle. STIC technology can display the data as either a B-mode image, B-mode with color Doppler, B-mode with 
Power Doppler, color Doppler, power Doppler, and B-flow (Fig. 4). 
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Figure 4: This is a STIC acquisition of the four-chamber view. The upper and lower panels are identical images, except for 
display of the color Doppler in the lower panel. The upper panel demonstrates the four-chamber view in the X plane and an 
“enface” view (outlined by black line) of the ventricular septum in the Y plane. Careful examination does not suggest any 
pathology of the interventricular septum. The lower panel, with color Doppler activated, demonstrates a shunting ventricular 
septal defect near the apex in the X plane. The size and location of the septal defect is clearly identified in the “enface” view of 
the Y plane. 


The only limitation of the STIC volume data acquisition is that fetal movement may occur during the volume 
acquisition. Depending upon the type of movement (fetal breathing, gross body movement, maternal breathing) the 
images in the X, Y and Z planes may be minimally altered, or may become non-interpretable. Like the static 3D 
volume data acquisition, the resolution of the images in the X, Y, and Z planes are a function of how the user 
acquires the volume dataset. The volume sweep speed can be selected between 7.5 and 15 seconds and the angle of 
the sweep between 15 and 40 degrees. The angle of the sweep is equivalent to the distance covered during the 
sweep; a shorter distance is equivalent to a smaller angle; a larger distance is equivalent to a larger angle 


For example, if the selected time is 7.5 seconds, a fixed number of images will be acquired whether the angle is 15 
or 40 degrees. Therefore, the image resolution will be higher when the angle is 15 degrees than if it were 40 degrees. 
The reason for this is that although the same number of images are acquired during the 7.5 seconds, there is a greater 
distance between the images than when the angle is smaller. This results in lower resolution images in the Y and Z 
planes in the 40 degree sweep than in the 15 degree sweep. The advantages of STIC technology are the following: 
(1) looped cardiac cycle that simultaneously displays cardiac anatomy in the X, Y and Z planes (Fig. 5), 


Figure 5: Using STIC technology, the outflow tracts are imaged cephalad to the four-chamber view demonstrating two outflow 
tracts (1 and 2) parallel to each other as they exit their respective ventricles. By rotating the image so that the outflow tracts are 
perpendicular to a horizontal plane, the outflow tracts are viewed in the short axis in the Y plane, demonstrating both to be 
adjacent to each other. This fetus had d-transposition of the great arteries. 


(2) depending upon the settings selected (maximal time acquisition, minimal angle volume to image the cardiac 
structures) the image resolution is improved when compared to the 3D static volume sweep, (3) a single cardiac 
cycle is displayed allowing the examiner to examine cardiac anatomy frame-by-frame or in the cine-loop mode, (4) 
color Doppler and power Doppler flow dynamics can be examined simultaneously in the X, Y and Z planes (Fig. 4), 
(5) end-diastole and end-systole can be determined and cardiac measurements can be made from the B-mode images 
in the X, Y and Z planes. (Fig. 6). 
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Figure 6: Isolation of end-systole and end-diastole from a STIC volume from which measurements of atrial and ventricular 
chambers can be made from the four-chamber view (A and C). Using this approach facilitates cardiac measurements because the 
examiner and align the heart in the short axis view (B and D) so that the widest and smallest dimension of the ventricular or atrial 
chambers are measured accurately. RA=right atrium, LA=left atrium, RV=right ventricle, LV=left ventricle. 


Real-Time Volume Display 


Using a mechanical array probe (GE-Kretz Voluson 730 Expert, Zipf, Austria; Philips HD 11, Bothel, WA, USA) 
multiple sequential volumes are acquired and displayed continuously on the screen. This results in an image 
sequence similar to 2D real-time imaging. Because of limitations of computer processing of volume datasets, the 
quality of the image is markedly decreased when compared to a 2D real-time image, static 3D image, or a 4D STIC 
image (Fig. 7). 
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Figure 7: This compares images acquired using the 3D static sweep and the 4D real-time obtained with a mechanical array 
probe. The 4D real-time image was acquired at a volume rate of 6 Hz. To accomplish this requires a rapid sweep speed, thus 
resulting in a lower resolution image compared to the 3D static sweep in the upper panel. The only benefit of the 4D real-time 
display is that the examiner can visualize the contracting heart, although the frame rate is 6 Hz. 


However, if the examiner is desirous of evaluating the heart in the Y and Z planes, this can be accomplished without 
introducing artifact, as is the case with the static or STIC acquisition, described above. 


Matrix Array Transducer 


In 2002 Philips Ultrasound (Bothel, WA, USA) introduced the matrix array probe to adult cardiology in which all 
elements of the probe are fired simultaneously in a 3- dimensional matrix, generating a truncated pyramidal volume 
of ultrasound virtually instantaneously. This is in contrast to 3D/4D imaging described above which reconstructs 
volumes from a series of 2D images acquired over time. For this reason, ‘‘real-time’’ 3D technology, unlike 
reconstructive 3D technology, does not require cardiac gating to capture cardiac motion. Because of the faster frame 
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rate achieved with this technology than with the mechanical array probe, there is no movement artifact introduced 
into the Y and Z planes of the volume dataset (Fig. 8). 


Figure 8: This is a real-time 4D volume examination of the fetal heart using the maxtrix array 4D probe. The images are of the 
fetal heart taken using different orientations of the cut plane as it passes through the four-chamber view. Because the ultrasound 
volume dataset is acquired simultaneously in all planes (X, Y, and Z), the volume rate is higher (28 volumes/second) than when 
using the mechanical array probe (6 volumes/second). 


One of the limitations of the current technology is that the size of the acquired volume dataset is smaller than what 
can be acquired using STIC technology, which limits its use in the third trimester of pregnancy. However, a novel 
approach has recently been described to address this problem [66]. Because of lower transmitted ultrasound 
frequencies using the matrix array, the volume dataset acquired with the STIC technique provides the highest image 
resolution. 


ANALYSIS OF THE ACQUIRED VOLUMES 


Although we have reviewed the different image acquisition techniques, the analysis of acquired volumes will focus 
on 3D and 4D STIC volume datasets. To illustrate the principles for each of the following topics a descriptive cine 
clip can be viewed that illustrates each step-by-step technique. A free copy of 4D View (GE-Kretz Voluson 730 
Expert, Zipf, Austria) can be downloaded from the following Internet link: http://www.volusonclub.net/4dview. 
After downloading this program select the Free Unlimited De-Featured Version during the installation process. This 
will provide you with the basic elements for our discussion. Download two volume datasets that can be opened and 
analyzed with 4D View. The first volume is a B-Mode volume from a normal fetal heart.. The second is a normal 
color Doppler volume from a normal fetal heart. 


Rotating the XYZ Planes 


Once the 3D/4D volume has been acquired, the examiner often chooses to rotate the XYZ planes to view cardiac 
anatomy from the A, B, or C reference images. To accomplish this there are two approaches. The rotation buttons 
can be used for each of the XYZ planes. However, this may be confusing to the examiner, depending upon which 
reference image is selected, A, B or C. The approach that I prefer uses the right and left buttons of the mouse. Click 
the following link to review the instructional cine entitled, “ROTATION 


Transverse Sweep 


The transverse sweep is a technique that has been used to evaluate the four-chamber, five-chamber, three-vessel and 
the tracheal views. If the examiner can demonstrate these views to be normal, then major structural abnormalities of 
the fetal heart can be excluded (Fig. 9). (74-76) 
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Figure 9: The views can be obtained by directing the ultrasound beam from the four-chamber view to the upper thorax in a 
transverse plane. The views that are observed in sequential order are the four-chamber view, the five-chamber view, the three- 
vessel view, and the tracheal view. If all of these views are normal, then major congenital heart defects can be eliminated. 
RA=right atrium, LA=left atrium, RV=right ventricle, LV=left ventricle, AA=ascending aorta, PA=pulmonary artery, 
SVC=superior vena cava, DA=ductus arteriosus, TA=transverse aortic arch. 


These views can be examined from the 3D/4D volume by a simple technique of moving the reference dot through 
the B reference image, resulting in imaging of the above views in reference image A. Click the following link to 
review the instructional cine entitled, “SWEEP.” 


Spin Technique 


This technique utilizes the concept of rotation, described above, to systematically identify the left outflow tract, the 
aortic arch, and the main pulmonary artery and its bifurcation (Fig. 10) [47]. 


Figure 10: Panel A is the five-chamber view. The reference dot (white circle) is placed within the vessel inferior to the ascending 
aorta which should be the right pulmonary artery (A). The volume dataset is then turned around the Y axis (Panels B, C, and D) 
until the right pulmonary artery is elongated and demonstrated to exit the main pulmonary artery (Panel D). The “spin technique” 
can be used to identify any vessel in the cardiovascular system. These views are complimentary and additive to the transverse 
sweep, described above. Click the following link to review the instructional cine entitled, “SPIN.” 


Tomographic Imaging 


Tomographic imaging displays multiple, simultaneous views of the heart from either a static or STIC volume [77] 
(Fig. 11). 
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Figure 11: These images are from a STIC acquisition. The panel of 9 images are displayed at exactly the same point in the 
cardiac cycle. The upper left image has parallel lines that represent the labeled images that are perpendicular to this image. The 
reference image is indicated by an *. From this point images to the right are indicated by + mm, while images to the left are 
indicated by — mm. For identification purposes, the + and — millimeters indicators are not useful, but the absolute value is. For 
example, the base of the four-chamber view is 6.1 mm below the reference image, the five-chamber view is 2.8 mm above the 
reference image, the bifurcation of the pulmonary artery is 8.4 mm above the reference image, and the transverse aortic arch is 12 
mm above the reference image. 


The benefit of this technique is that the examiner can view the necessary transverse views (4-chamber, 5-chamber, 
3-vessel, and tracheal) used to screen for congenital heart defects. Click the link to review the instructional cine 
entitled, “TUI.” 


Rendering 


Another benefit of static and STIC volume acquisitions is that the 2D images contained within each volume can be 
compiled to create a 3-dimensional model of the heart. For example, the typical 2-dimensional four-chamber view 
can be rendered to provide a 3-dimensional structure that demonstrates depth. Fig. 12 illustrates a 3-dimensional 
rendered image that demonstrates and inferior vena cava in the back wall of the right atrium. 


Figure 12: This is a 3D rendered four-chamber view of the fetal heart. While the image has the appearance of a 2D image, the 
rendering provides depth so that the back walls of the atrial and ventricular chambers can be identified. The right atrium 
demonstrates the opening of the inferior vena cava (IVC) and the left atrium the opening of one of the pulmonary veins (PV). 
RA=right atrium, LA=left atrium, RV=right ventricle, LV=left ventricle. 


Click the link to review the instructional cine entitled, “RENDERING.” 


Invert 


Another method utilized for creating a 3-dimensional image of the heart is the inversion mode. This technique 
requires the examiner to render the 3-dimensional heart (see above, Rendering) and then invert the colors. This 
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creates an image that has the appearance of a mold of the heart (Fig. 13). Click the link to review the instructional 
cine entitled, “INVERT” 


Figure 13: The STIC B-mode image is of the left outflow tract as it exits the left ventricle. The rendered inverted images 
demonstrate the crossing of the main pulmonary artery (P) and the aorta (A) as well as the ductus arteriosus (DA). 


Examination of the Interventricular Septum 


Evaluation of the ventricular septum is usually performed at the level of the four-chamber view. Unfortunately, this 
view represents only a portion of the septum. Using 3D/4D STIC acquisitions the entire septum can be examined for 
evidence of defects that are not in plane of the four-chamber view [18] (Fig. 4). Click the link to review the 
instructional cine entitled, “SEPTUM.” 


Identification of the Aortic and Ductal Arches 


Many examiners have difficulty identifying the aortic and ductal arches witought using a systematic approach (Fig. 
14). 


Tracheal View Aortic Arch 


Tracheal View Ductal Arch 


Figure 14: The aortic and ductal arches can be identified by aligning their respective vessels at the level of the tracheal view. 
After aligning each vessel in the vertical plane, the perpendicular image reveals the aortic and ductal arches, respectively. 


sing 3D/4D STIC acquisitions, a systematic approach can be used to identify these vessels. The cine clip entitled 
“ARCHES?” will illustrate two techniques for identification of the aortic arch and one technique for identification of 
the ductal arch. Click the link “ARCHES” to review the instructional cine. 


Rendered B-Flow 


B-mode ultrasound identifies soft tissue and the blood pool when examining fetal cardiovascular structures. 
However, it does not identify the flow of blood. In order for most examiners to identify blood flow color Doppler or 
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Power Doppler is used. One of the problems with the rendered color Doppler image is that the borders are not as 
well defined between the blood pool and the chamber walls. However, B-flow is a technique in which moving red 
blood cells are identified from the B-mode image (Fig. 15). 


Figure 15: This is a B-flow image sequence from a 17 week fetus. Panel A represents filling of the right (RV) and left (LV) 
ventricular chambers during diastole. Panel B demonstrates ventricular systole after the ventricles have emptied. This image 
demonstrates the relationships of the main pulmonary artery (MPA), right pulmonary artery going beneath the aortic arch (AA) 
and the ductus arteriosus (DA) emptying into the thoracic aorta. Panel C is similar to panel B except later in the systolic cycle. 
Panel D is the same image as panel C except the volume has been rotated to show the perpendicular relationship of the MPA and 
the AA. 


This technology does not utilize Doppler principles to display blood flow. Once the B-flow image is acquired, it can 
be rendered to provide a 3-dimensional structure of the fetal cardiovascular system that resembles an angiogram. 
Click the link to view the instructional cine entitled, “BFLOW.” 


Color Doppler 


When a STIC acquisition includes color Doppler, the examiner can adjust the color settings so that the color does 
not override the vessel or chamber walls. Click the link to view the instructional cine entitled “COLOR”. 


CONCLUSION 


This communication has attempted to provide an overview of 3D/4D examination of the fetal heart. Although the 
3D static and 4D STIC volume datasets are easy to acquire, the difficulty occurs when the volumes are analyzed. As 
this paper illustrates, there are a number of tools the examiner can use to evaluate acquired volumes of the fetal 
heart. Understanding how to use the tools enhances the evaluation of the fetal heart, especially when pathology is 
suspected. 
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Abstract: High Definition Power Flow Doppler (HDPD) is a bi-directional power Doppler imaging mode. B- 
flow is a direct-volume non-gated scanning tool that images blood flow in real-time. These ultrasound modalities 
have improved images of the fetal cardiovascular system to near-angiographic quality. Each has its particular 
advantages, which are illustrated with examples of fetal cardiovascular malformations obtained with these tools. 
HDPD and B-flow provide images not available to practitioners even five years ago. 


INTRODUCTION 


3D and 4D ultrasound (3D/4D US) modalities have provided new ways to look at fetal echocardiographic 
examination [1]. These modalities are the result of impressive technological advances in motion-gated scanning and 
in faster frame rates and computer processors. Near real-time 3D scanning is now a reality in the clinical setting and 
its application to fetal echocardiography continues to enrich our understanding of the fetal cardiovascular system. 
Two acquisition modes, B-flow and High Definition Power Flow Doppler (HDPD) each have unique capabilities 
that allow greater sensitivity in imaging fetal blood flow in the heart and vessels. 


HIGH DEFINITION POWER FLOW DOPPLER 


High definition power flow Doppler (HDPD) is a bi-directional power Doppler mode that depicts flow at a lower 
velocity than color or power Doppler. It can be combined with STIC [2] or static 3D acquisition. HDPD uses small 
sample volume and higher resolution to achieve images with two color directional information while avoiding 
overwriting vascular walls. The result is a more accurate picture of vessel contours. This modality depicts blood 
flow at a lower velocity than color or power Doppler, making for a bidirectional and anatomically accurate depiction 
of blood flow. The sensitivity of HDPD results in imaging of systolic and diastolic blood flow at the same time: for 
example, when HDPD is combined with STIC acquisition the ductus venosus is shown to remain filled both in 
systole and diastole. Figure 1 shows the normal heart and vessels extracted from a STIC acquisition with high 
definition Doppler. 
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Figure 1: Normal heart and vasculature imaged in HDPD modality. UV, umbilical vein; LHV, left hepatic vein; SMA, superior 
mesenteric artery; CT, celiac trunk; DV, ductus venosus; IVC, inferior vena cava; Ao, aorta. 


The caveats associated with 3D/4D technology and Doppler based images apply to HDPD as well: care must be 
taken when the volume is rotated, to avoid confusion of flow direction. The operator must be vigilant in confirming 
suspected pathology by verifying the original scanning angle, and whether flow was toward or away from the transducer. 


B-FLOW 


B-flow is a newer technology in fetal cardiac studies. It is a direct-volume non-gated scanning tool that displays 
blood flow in real time. It is based on B-mode imaging for direct depiction of blood cell reflectors. That is to say, B- 
flow does not rely on Doppler shift to produce an “indirect” image of blood flow, thus it avoids some of the 
drawbacks of Doppler imaging such as aliasing and signal dropout at orthogonal scanning angles. B-flow results in 
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faster frame rates by using digital encoding of one US beam into two separate sub-beams before transmittance. 
Echoes from the two sub-beams are decoded differently. One sub-beam serves for conventional gray-scale 
myocardial imaging while the other is enhanced to provide gray-scale blood-flow imaging [3, 4]. B-flow provides 
sensitive ‘digital casts’ [5] of blood flowing in its vessels and the cardiac chambers. This makes it an invaluable tool 
in fetal echocardiography in both normal and anomalous cases. It is particularly valuable as a teaching tool, as well 
as in multi-disciplinary consultation and in counseling parents, when complex anatomy must be elucidated. Figure 2 
shows a normal fetal heart and great vessels acquired with B-flow combined with spatio-temporal imaging 
correlation (STIC). 


Figure 2: Normal heart and vasculature imaged in B-flow modality. AoA, aortic arch; LSC, left subclavian artery; LCC, left 
common carotid; BT, brachio-cephalic trunk; DV, ductus venosus; IVC, inferior vena cava. 


As the figures below (Figures 3-20) show through various examples of cardiovascular malformations imaged in 
HDPD and B-flow, these new modalities provide practitioners with near-angiographic images of the fetal heart and 
vessels. 


Figure 3: Right aortic arch anomaly, three-vessels and trachea (3VT) view, imaged in HDPD. MPA, main pulmonary artery; 
SVC, superior vena cava, AoA, transverse plane of the aortic arch; DA, ductus arteriosus. The ellipse in the center is the space 
occupied by the esophagus and trachea. 
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Figure 4: Another case of right aortic arch anomaly in the 3VT plane, imaged with B-flow. RAoA, right aortic arch; DA, ductus 
arteriosus; MPA, main pulmonary artery. 


Figure 5: Segmental coarctation of the aorta in grayscale imaging of the long axis view aortic arch. Ao, descending aorta; CAoA, 
the coarctated aortic arch. 


Figure 6: The same patient as figure 5: HDPD depicts reverse flow in the coarctation, however it does not demonstrate the 
narrowing of the vessel. Carets indicate the coarctation and the direction of flow. 
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Figure 7: The same patient as figures 5 and 6, imaged in B-flow in right lateral view. Note that the narrowing of the aorta is 
clearly depicted. Ao, aorta; C.Ao, coarctation; SVC, superior vena cava; DV, ductus venosus; UV, umbilical vein; IVC, inferior 
vena cava. 


Figure 8: HDPD imaging with virtual planes [6] in a case of sever pulmonic stenosis. The coronal atrio-ventricular valves (CAV) 
plane shows the flow across the mitral (M) and tricuspid (T) valves and the aortic valve (Ao). Note the severe narrowing of the 
pulmonic valve annulus and reversed flow across the valve (PS). 
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Figure 9: A complicated case of transposition of the great arteries (TGA). B-flow shows that the aorta (Ao) is anterior and to the 
right of the pulmonary artery (PA). 
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Figure 10: Azygos vein (AzV) flow is opposite the flow in the aorta (Ao) in this case of interrupted IVC with azygos 
continuation imaged in HDPD. 


Figure 11: The vertical vein in a case of total anomalous pulmonary venous connections (TAPVC). The vertical vein (VV) is 
seen to cross the diaphragm (small arrows) and drains into the hepatic vessels. Note the presence of two left liver lobes and 
hepatic veins (HV) in this case of left isomerism. 


Figure 12: The great sensitivity of HDPD is demonstrated by this image of the normal fetal portal system, including the splenic 
vein. RAPV, right anterior portal vein; RPPV, right posterior portal vein; LPV, left portal vein; MPV, main portal vein; SpV, 
splenic vein (Rt, Lt: right and left). 
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Figure 13: A case of agenesis of the ductus venosus (ADV) with a wide connection of the umbilical vein (UV) to the azygos- 
IVC shunt, and abnormal portal system. 


Figure 14: The same case as pictured in figure 13, imaged in B-flow. Note the wide connection of the UV to the azygos-I[VC 
shunt and abnormal portal system. 


Figure 15: HDPD image of ADV to the IVC with a narrow shunt. The portal system (not shown) developed normally. UV, 
umbilical vein. 
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Figure 16: The same case imaged in B-flow as pictured in figure 15, showing the narrow shunt between the UV and IVC, which 
may account for the normal development of the portal system (not shown). 


Figure 17: Fetal abdominal umbilical vein (FIUV) varix imaged in HDPD. Note the diameter of the varix is more than 1.5 times 
that of the umbilical vein (UV). 


Figure 18: HDPD scan of aneurysm of the vein of Galen defect with surrounding tissue. 
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aneurysm 


Figure 19: The same case as figure 18, showing the widened pericolossal artery (PCA) associated with this malformation, and 
the tortuous circle of Willis (CW). 


aneurysm 


Figure 20: The same case of vein of Galen defect as shown in figures 18 and 19, imaged in B-flow. CW, the tortuous circle of 
Willis; PCA, the widened pericolossal artery. 


CONCLUSIONS 


The HDPD and B-flow modalities impart enormous advantages in fetal cardiovascular scanning, improving image 
clarity and thereby our understanding of the normal and anomalous fetal heart and vasculature. 
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3D Live Echocardiography with Matrix Probes 
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Abstract: Real-time four-dimensional (4D) echocardiography is the examination of the fetal heart in the three 
spatial dimensions plus motion.The matrix probe’s technology allows direct volume scanning by electronically 
interrogation of a region of interest and acquisition of a pyramidal volume of ultrasonographic data. This 
technology has the potential to minimize motion artifacts associated with 3D/4D ultrasonography with a 
satisfactory spatial resolution.The system allows beam steering and focusing in the 3D volume dataset, making it 
possible to simultaneously examine two different planes of section of the same structure, in real-time, without 
resolution loss (Live xPlane imaging). The system achieves a pyramidal volume of data, creating a new real-time 
3D moving imaging mode called Live 3D Volume Imaging, without the use of software-reconstructed section 
planes. Combination with Doppler techniques creates a new imaging option: Full Volume 3D imaging. The 
technique of Thick Slice Live Volume Imaging allows high resolution and contrast-enhanced images The strength 
of this technology is the easiness in obtaining real-time images of the heart, the high volumetric frame rate and 
the opportunity to obtain scanning planes with the same axial and lateral resolution. These features improve the 
overall understanding of anatomical structure arrangement. Matrix technology could be very useful in congenital 
cardiac clinical applications: real-time 3D echocardiography shows instantaneous rendered images of the beating 
fetal heart with complex pathologies in one complete heart cycle, and application of this modality allows its 
spatial location in the heart and its temporal location in the cardiac cycle. 


Key Words: 3D Ultrasound, Fetal Echocardiography, Live Echocardiography, Matrix Probes. 
INTRODUCTION 


Real-time four-dimensional (4D) echocardiography is the examination of the fetal heart in the three spatial 
dimensions plus motion. In order to produce real-time 4D ultrasonographic images, volume datasets need to be 
acquired and displayed faster than the capacity of the human eye to retain a visual impression, which is estimated as 
one tenth to one thirtieth of a second. However, because of the difficulty in obtaining a fetal electrocardiogram to 
gate the heart, real time fetal echocardiography has been limited [1-14]. Different 3D echocardiographic methods 
have been employed in fetal echocardiography, including multiplanar, surface rendering, power and color Doppler 
methods or spatiotemporal image correlation. These techniques are limited by the use of off-line system, increasing 
reconstruction-time. With the advent of a new matrix array probe that allows real-time 4D data acquisition and 
image rendering, many of the above limitations could be circumvented. 


The matrix probe’s technology is capable of direct volume scanning. Direct volume scanning is a term proposed by 
Deng in 2003, to describe 3D/4D systems capable of scanning a volume of interest (1) in its totality, (2) within a 
time in which movement is negligible (in an instant), and (3) with sufficient spatial resolution. Since in the case of 
mechanical transducers the totality of the volume of interest is not scanned in an instant, the term “indirect volume 
scanning” applies to 3D/4D ultrasound systems that employ this technology. This has considerable implications for 
the examination of the moving fetus and, specially, the fetal heart, since motion artifacts can easily interfere with the 
quality of the images obtained if the structure of interest moves faster than the speed at which the volume dataset is 
being acquired. In contrast, matrix array transducers allow direct volume scanning by electronically interrogation of 
a region of interest and acquisition of a pyramidal volume of ultrasonographic data. This technology has the 
potential to minimize motion artifacts associated with 3D/4D ultrasonography and, giving a satisfactory spatial 
resolution, has become an attractive alternative to examine fetal heart. 


THE TECHNOLOGY 


xMATRIX transducers are made by a double array of piezoelectrics elements that creates a matrix area of pulsing. 
This transducer’s technology is based on a special laser used to cut the piezoelectric crystal into many equal-sized 
square elements, forming an xMATRIX element (Fig. 1). 
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Figure 1: Surface of xMatrix probe. 


These elements are directly connected with the beamformer in one way and with the surface of the transducer on the 
other hand. The beamformer permits to electronically drive these elements to fire the ultrasound beam in any 
direction in the space. The xMATRIX array transducer produces pyramidal volumetric ultrasound beam, composed 
by the beams emitted by each single element (Fig. 2). 


Figure 2: Pyramidal ultrasound beam electronically produced by xMatrix transducer. 


This pulsing technique permits to create new imaging modes, other than standard 2D ultrasound image obtained by 
arranging the pulsing elements in a linear way. 


The system allows beam steering and focusing in the 3D volume dataset, making it possible to simultaneously 
examine two different planes of section of the same structure, in real-time, without resolution loss (Live xPlane 
imaging). In this modality, images are shown on a screen divided into two parts: the original plane is on the left- 
hand side, while the right-hand side shows one of the different scanning planes that the sonographer can visualize 
using a different orientation of the ultrasound beam in the space. 


This second plane can be perpendicular to the main scanning plane, but it can also be parallel or oblique. In this 
way, Starting, for example, from an axial view of the fetal thorax showing the four chambers, and orientating the 
second plane (simultaneously shown on the right-hand side of the screen) in different directions, the main structures 
of the fetal heart can be visualized 


The strength of the xMATRIX array approach for examination of fetal structures lies in the possibility of directly 
acquiring a pyramidal volume of ultrasonographic data, creating a new imaging mode called Live 3D Volume 
Imaging. By appropriately defining the ultrasound beam for each single element, it is possible to build up a 
pyramidal volumetric ultrasound beam, with an opening angle between 6 and 110 degrees). This volumetric 
ultrasound beam allows a real-time three-dimensional moving imaging (live volume imaging) without the use of 
software-reconstructed section planes. In other words, the volume is not created from single planes, but from a 
number of planes simultaneously close one to each other. This makes the voxels to have the same resolution along 
all the three directions of the beam (isovoxel resolution). Two orthogonal reference planes are used to localize the 
structures within the volume. This kind of imaging can give us the classic multiplanar view with visualization of the 
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three orthogonal planes in the same time, or the rendering view. Rendering is subjected to all the parameters that 
allow this algorithm to selectively display surface of the structures, hyperechoic or hypoechoic structures. These 
parameters should be set-up every time in order to create a good visualization of the rendered image. 


By acquiring a high-resolution volume image even combined with Doppler techniques (color or power) a new 
imaging option is obtained from the xMATRIX technology: Full Volume 3D imaging. This acquisition mode gives 
both functional and structural data for a complete analysis (Fig. 3). 
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Figure 3: Full Volume 3D Imaging combined with Color-Doppler. This technique gives both structural and functional data for 
exaustive analysis of fetal heart. 


A brand new imaging modality is the Thick Slice Live Volume Imaging: the beamformer sets the acquisition angle 
into a low value (6-20 degrees) and increases the line density to the maximum. In this way, the image produced by 
thousand elements is condensed into a “thick” slice and visualized using the rendering modes. This kind of 
technique allows high resolution and contrast-enhanced images (Fig. 4). 


FR 21Hz 


Figure 4: Comparison between Live 3D Imaging (a) and Thick Slice Imaging (b). Thick slice imaging has lower acquisition 
angle and more line density, allowing higher frame rates and better resolution. 


THE CLINICAL APPLICATION. 


Two-dimensional (2D) echocardiography is an accurate and reliable technique used to evaluate normal fetal heart 
and congenital heart diseases. Since 2D echocardiography approaches the heart from multiple orthogonal planes, it 
requires the user to form a mental anatomic reconstruction to comprehend the relationship between the cardiac 
structural defects and the surrounding rims. 


Three-dimensional echocardiography offers new insights into the anatomy of the heart valves and the septa. A 
complete evaluation of fetal heart in real time (three spatial dimensions plus temporal dimension) is offered by 
matrix arrays,that have been extensively used in clinical practice for the examination of adult and pediatric heart 
and, more recently, for fetal echocardiography. 
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Assessment of Normal Fetal Heart Anatomy 


In the Live 3D Volume imaging, the system acquires the volume dataset using a pyramidal imaging volume. Two 
orthogonal reference plans are used to localize cardiac structure in the volume (Fig. 5). 
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Figure 5: Live 3D Volume Imaging: in the lower part of the image the two reference planes used to localize the region of interest 
displayed by a surface rendering mode in the upper part of the image. 


The software is used for navigation and cropping, and for calculation and visualization of 3D structures. For 
example, in fetal cardiac application navigation by cropping the volume allows surface rendered views of the 
intracardiac structures (en face views of the valves (Fig. 6, Video 1) and entire structure of the septa (Fig. 7). 


Figure 6: En-face surface rendering view of the atrio-ventricular valves. 


Figure 7: Surface rendering of the entire inter-ventricular septum and the left ventricular outflow tract. 
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Moreover, by using a systematic method of manipulation (cropping and rotation) of the three-dimensional pyramid 
it is possible to visualize, from a single volume dataset, the ascending aorta and the pulmonary trunk (Fig. 8). 


Figure 8: Imaging of renderd ascending aorta (a) and pulmonary trunk (b) obtained by cropping and rotating a 3D Full Volume 
Dataset. 


Using this system, it’s possible to perform real time 4D observations of the fetal heart, and to obtain instantaneous 
rendered 3D images of the beating fetal heart. Rendered displays of volume data allow surgeon’s eye views of 
important and unique fetal cardiac anatomic structures, not easily visualized or understood on conventional two- 
dimensional (2D) imaging (Video 2). 


X-plane imaging allows the scanning of two image planes of the fetal heart at different angles. Situs visceralis, four- 
chambers, great vessels, three vessels and arches views are obtained simultaneously without moving the transducer 


(Fig. 9). 


Figure 9: X-planes imaging displaying standard views of fetal heart examination: each image shows 4 chamber view 
simultaneously with stomach (a), aorta (b), pulmonary trunk (c) and three vessel view (d). 


Using rotation, lateral and vertical tilts, all normal cardiac structures are identified from a unique reference image 
plane: atrial cavity and septum, atrioventricular valves, ventricular cavity and septum, left and right ventricular 


outflow tracts, ascending aorta and main pulmonary artery and its bifurcation. 


In order to increase temporal resolution, thick slice volume imaging can be used (Fig. 10, Video 3). 


3D Live Echocardiography with Matrix Probes Four Dimensional Fetal Echocardiography 75 


Figure 10: Thick Slice imaging showing the cropping technique applied for inter-ventricular septum visualization. 


Diagnosis of Congenital Heart Defects 


Real time echocardiography can enable improved understanding of congenital heart disease anatomy. 


Several reports have been published describing the feasibility and clinical utility of this modality in prenatal 
diagnosis of congenital heart defects. 


In 1999, Sklansky et al reported preliminary observations on real-time examination of the fetal heart in 10 fetuses 
between 21 and 36 weeks of gestation, four of which had congenital heart disease diagnosed by 2D ultrasonography. 
Fair to good image quality was achieved in 11 of 12 examinations and, in 70% of the cases basic cardiac views 
could be adequately visualized. In 2000, Scharf et al. obtained images of at least satisfactory quality in 13 fetuses 
examined with a 2D matrix array transducer between 20 and 24 weeks of gestation. Deng et al. described optimal 
imaging windows to examine the fetal heart using this technology. Maulik et al. [8] reported that a comprehensive 
assessment of cardiac valves, atrial and ventricular chambers, and outflow tracts was possible in a group of 12 
fetuses examined between 16 and 37 weeks of gestation by either real-time direct 4D ultrasonography or full volume 
4D ultrasonography acquisitions triggered by an external ECG simulator device. Sklansky et al [11] used full 
volume 3D acquisitions to image fetal cardiac structures, and were able to successfully visualize a wide range of 
cardiac anomalies (hypoplastic left heart syndrome, atrioventricular canal, double inlet single ventricle, double 
outlet right ventricle and transposition of the great arteries) but not small ventricular septal defects. More recently, 
Acar et al. [1-2] reported successful visualization of fetal cardiac structures in 56 of 60 fetuses examined with either 
real-time direct 4D ultrasonography or live xPlane imaging. 


This novel imaging technology could be very useful in a wide variety of congenital cardiac clinical applications. In 
fact, real-time 3D fetal echocardiography shows instantaneous rendered images of the beating fetal heart with 
complex pathologies in one complete heart cycle, and application of this modality allows its spatial location in the 
heart and its temporal location in the cardiac cycle. These observations can be made from any direction. It’s also 
possible to navigate through the volume of data containing images of the heart in order to find the abnormal 
structures of interest. 


The en face imaging of the septa allow for views of atrial and ventricular septal defects and their relation with both 
ventricles and with adjacent structures. The size of a defect and its position are crucial parameters when counceling 
about associated chromosomal abnormalities and evaluating postnatal follow up, whether to pursue and planning 
transcatheter closure treatment. 


Real time imaging also enhances the comprehension of valve anatomy. Precise description of the valve anatomy can 
be difficult from 2D planes alone, and the surface of the leaflets and commissures are better rendered by live 
imaging. Additionally, congenital valve diseases are precisely revealed by 3D views, which depict the mechanism of 
regurgitation or obstruction. Thus, real time 3DE offers improves insight for diagnosing valve defects and predicting 
the success of surgical valve repair. 
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The real-time fetal echocardiography provides excellent depiction of pathologies such as ventricular outflow tracts 
in the case of double-outlet right ventricle (DORV) (Fig. 11, Video 4), transposition of the great arteries (TGA) (Fig. 
12, Video 5) or tetralogy of Fallot (TOF) (Video 6). In these cases real time 4D echocardiography may assist in the 
evaluation of fetal cardiac anatomy and hemodynamics, and offer potential advantages relative to conventional 2D 
fetal echocardiography. 


Figure 11: Surface rendering view from a a Live 3D image of outflow tracts (arrows) in double outlet right ventricle (DORV). 


Figure 12: Visualization of the discordant origin of the outflow tracts from each ventricle in TGA, using planes obtained by a 
Live Thick Slice Live Volume dataset 


In a case of congenital absence of ductus venosus [14] it has been described the usefulness of biplane and real time 
imaging: these imaging modalities depicted the anatomy of the systemic venous return, displaying the abnormal 
connection of the umbilical vein to the right atrium and the features of the systemic venous drainage. (Video 7, 
Video 8). 


There have been a few reports on real-time 3D color Doppler echocardiographic imaging of the fetal heart in the 
normal fetus and congenital heart disease during pregnancy. This technology allows for the depiction of the shape, 
direction and propagation of color flow jets in three-dimensions for analysis of ventricular septal defects, valvar and 
subvalvar stenosis, regurgitant jets and so forth. In certain cases real-time 3D color Doppler echocardiography also 
provides additional useful information to conventional 2D and 2D color flow Doppler for the correct prenatal 
diagnosis. 


CONCLUSIONS 
Several studies have shown the feasibility of examining fetal structures, including the fetal heart, by 2D matrix array 


technology. However, substantial obstacles still remain and 2D matrix array transducers are not yet widely accepted 
in clinical practice. 
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One of the current limitations for fetal heart volumetric imaging includes lower image resolution, due to lower 
transducer frequencies in the 2D matrix array probe (1 to 7 MHz) when compared to commercially available 
mechanical volumetric transducers. Lower image resolution may result in distortion of fetal heart anatomy when 
compared to images obtained by the latest generation of mechanical volumetric transducers. 


Another limitation is the low lateral resolution, in particular at deepest planes. 


Practical clinical applications will depend on several technical factors, including the development of satisfactory 
image resolution and reliable maintenance of fast volume data acquisition rates. 


The strength of this technology is the easiness in obtaining real-time images of the heart, the high volumetric frame 
rate and the opportunity to obtain scanning planes with the same axial and lateral resolution. These features improve 
the overall understanding of anatomical structure arrangement. Moreover, the cropping software gives a “cutting” 
plane that can be easily moved and placed in the volume, even on live imaging, in order to visualize planes not 
obtainable with conventional 2D, and with a better resolution than the classic 3D/4D imaging. 


The present and future application of real-time 4D fetal echocardiography to the prenatal diagnosis of fetuses with 
congenital heart disease might be promising. However, this is not to imply that real-time 4D fetal echocardiography 
will replace conventional 2D fetal echocardiography. This novel technique may assist in the prenatal diagnosis of 
fetal cardiac anomalies, and offer the potential advantages relative to conventional 2D fetal echocardiography and 
color Doppler flow mapping. Moreover, the correct prenatal diagnosis of congenital heart disease may improve the 
prognosis of the infant after birth. 
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CHAPTER 9 


Automated Echocardiography 
Elena Sinkovskaya and Alfred Abuhamad 


Department of Obstetrics and Gynecology, Eastern Virginia Medical School, Norfolk, United States 


Abstract: The recent introduction of 3D/4D ultrasonography to clinical practice presents an important milestone 
in imaging technology. In this chapter, we will present the basic principles of 3D automated sonography as it 
relates to the examination of the fetal heart. This approach holds great promise for simplifying the fetal cardiac 
examination that may translate to increased prenatal detection of congenital heart disease. 


Key Words: 3D Sonography, Fetal Echocardiography, Automated Multiplanar Imaging, Diagnostic Cardiac Planes. 
THE MAIN CONCEPT OF 3D-AUTOMATED FETAL ECHOCARDIOGRAPHY 


Mounting evidence suggests that the performance of obstetric sonography with regard to the detection of fetal 
abnormalities has been suboptimal [1-4]. A study addressing the value of ultrasound accreditation noted that more 
than 40% of practices seeking accreditation by the American Institute of Ultrasound in Medicine were operating 
below the minimum established professional standards for the performance of obstetric sonography [5]. Several 
studies have documented that the efficacy of obstetric sonography is dependent on the expertise of the operator, and 
a significant difference has been reported between tertiary and nontertiary centers in the detection of fetal 
abnormalities [1-4]. Probably because of the difficulty inherent in the anatomical evaluation of the fetal heart, 
population-based studies have confirmed low detection rates, with more than 50% of congenital heart abnormalities 
remaining undetected on routine second-trimester fetal ultrasound examination [6-8]. Enhancing the detection of 
fetal congenital heart abnormalities, especially ductal-dependent lesions, should result in reduced morbidity and 
mortality of affected neonates [9-11]. 


One of the reasons for the suboptimal performance of obstetric sonography is related to the inherent limitations of 
ultrasound technology, which is operator-dependent and therefore lacking in consistency, standardization and 
reproducibility, especially when compared with other imaging modalities, such as computed tomography and 
magnetic resonance imaging. This limitation of ultrasound technology is compounded by a constantly moving 
target, the fetus, which adds technical difficulty to the examination. 


The recent introduction of 3-dimensional (3D) ultrasonography to clinical practice provided an important advance in 
imaging technology. With 3D ultrasonography, an infinite number of 2D planes of a target volume are acquired. The 
volume acquired by 3D ultrasonography can be displayed on a monitor in 3 orthogonal planes, representing the 
sagittal, transverse, and coronal planes of a representative 2D plane within this volume. Such a display of 3 
orthogonal planes from a 3D volume acquisition is termed a multiplanar display. The multiplanar display of 3D 
ultrasonographic volumes enables an operator to manipulate the acquired target volume to create and display 
reconstructed planes within this volume. Despite these recent advances in ultrasonographic imaging, the acquisition, 
display, and manipulation of 3D volumes is a technique that requires a substantial learning curve. Even for well- 
trained personnel, 3D volume manipulation can be difficult to perform, particularly when the volume involves 
relatively complex anatomic organs such as the fetal heart. On the other hand, these manual rotations are still 
dependent on the operator expertise and due to several inherent variations, like fetal position and orientation, are 
extremely difficult to reproduce. 


Two important concepts of 3D multiplanar display need to be highlighted given its relevance to the discussion at 
hand. First, the acquired volume of a particular anatomic structure by 3D ultrasonography, such as a volume of the 
fetal heart, contains all the anatomic 2D planes for a complete anatomic evaluation of this structure. Second, for 
every human organ, these 2D planes that are required for a complete anatomic evaluation of that particular organ are 
organized in a constant anatomic relationship to each other. It is therefore theoretically possible to obtain a volume 
of a specific organ, such as the fetal heart, and to allow an automated program to display out of this volume all the 
2D planes that are required for a complete anatomic evaluation of this organ. We termed this concept automated 
multiplanar imaging (AMI) [12]. 
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Automated sonography is based on a software program that, for various organs, relates all the standardized planes that 
are required for a complete anatomic evaluation of a particular organ based on the respective spatial relationship of 
these planes within a 3D volume. This spatial relationship between standardized planes, which can be mathematically 
defined by the x-, y-, and z-axis, is constant for each organ. In practical terms, the spatial relationships of the 
standardized 2D planes of the fetal heart are predetermined, and their respective formulas are entered into a software 
program. Once a 3D volume of the fetal heart is obtained from the level of a standardized plane, such as the 4-chamber 
view, for instance, AMI will automatically generate all other standardized planes from the acquired volume in an 
operator-independent method. The constant anatomic relationship of these standardized planes to each other will allow 
an excellent reproducibility of AMI-generated ultrasonographic images. Automated multiplanar imaging will thus 
allow a complete evaluation of anatomically complex organs with a standardized and operator-independent approach. 


VOLUME STANDARDIZATION 


3D sonography needs to be applied at the level of volume acquisition and display. These are required first steps in 
the automated process [13]. Standardized acquisition parameters for specific anatomic regions will ensure that the 
fastest and most uniform acquisition is obtained, thus minimizing artifacts especially when dealing with fetal 
movement or motion within an organ such as the fetal heart. Standardization in acquisition of volumes should 
address the reference plane of acquisition, the size of the acquisition box, and the angle of acquisition of a specific 
target anatomic region. For instance, the acquisition of a volume of the fetal chest can be standardized if the 
acquisition reference plane is set at the level of the 4-chamber view, the borders of the acquisition box placed just 
outside the fetal skin and the angle of acquisition wide enough to ensure inclusion of the stomach inferiorly and the 
lower neck superiorly. In the mid second trimester the acquisition angel should be 35-45 degrees (Fig. 1). 


Figure 1: Standardization of volumes acquisition. 


To standardize the display of 3D volumes, volumes need to be displayed in the multiplanar format. The multiplanar display 
of 3D volumes will show the reference plane (plane of acquisition) in the left upper plane (plane A) and the 2 orthogonal 
planes to the reference plane in the right upper plane (plane B) and left lower plane (plane C), respectively (Fig. 2). 


Figure 2: Initial multiplanar view of a 3-D sonographic volume of the fetal chest. 


Standardization of display of 3D volumes needs to be applied in the A, B, and C planes to ensure uniformity of 
orientation in 3 dimensions. For volumes involving the chest of the fetus, standardization is best achieved by 
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ensuring a uniform orientation of the spine in planes A, B, and C, respectively. For fetuses in cephalic presentations, 
this is accomplished by rotating plane A along the z-axis (z rotation) to place the spine at the 6-o’clock position and 
the apex of the heart in the left upper chest (Fig. 3). 


Figure 3: Standardization of volumes display. Plane A is rotated (four-chamber view) along the z-axis until the spine was at the 
6-o’clock position. 


When the reference point is placed on the fetal spine in plane A, a longitudinal view of the spine is displayed in 
planes B and C (Fig. 4). 


Figure 4: Standardization of volumes display. Reference/rotational point is placed in the fetal spine in plane A. 


Standardization in planes B and C is achieved when the spine is aligned horizontally and vertically in planes B and 
C, respectively (z rotation in each plane). To complete the standardization, the reference point is then placed at the 
crux of the heart in plane A for volumes of the fetal chest (Fig. 5). For breech presentations, start by rotating the 3D 
volumes 180° along the y-axis, and then follow the steps above. Table 1 details standardization steps for 3D 
volumes obtained at the level of the fetal chest. Achieving standardization in fetal 3D imaging will result in 
uniformity in retrieval of diagnostic 2D planes out of 3D volumes and a simplified approach to training. Finally, 
with standardization, the diagnostic capabilities of volume sonography in obstetrics are enhanced. 


Table 1: Standardization of 3D Volumes of the Fetal Chest (Cephalic Presentations*) 


Volume acquisition 


Reference Obtain an axial view of the chest at the level of the 4-chamber view; ensure that you have 1 full rib on each 
plane side 
Acquisition Open the acquisition box wide enough to ensure that the fetal chest is contained within the box; the box 
box boundaries should be placed just outside the fetal skin 
Acquisition Use an acquisition angle that is wide enough to include the stomach inferiorly and the lower neck 


angle superiorly 
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Table 1: cont.... 


Volume display 

Step 1 Rotate image in plane A (4-chamber view) along the z-axis until the spine is at the 6-o’clock position and the 
eP apex of the heart is in the left upper chest 

Step 2 Move the reference point in plane A to the spine (body of vertebra); this will bring a longitudinal view of the 
eP spine in planes B and C. 

Sten 3 Rotate image in plane C (coronal view) along the z-axis until the section of the midthoracic spine is aligned 
P vertically 

Step 4 Rotate image in plane B (sagittal view) along the z-axis until the section of the midthoracic spine (posterior to the 
eP heart) is aligned horizontally 

Step 5 Place the reference point in plane A at the crux of the heart, at the level of the insertion of the medial leaflet of 


the tricuspid valve into the septum 


Spatial Relationships of the Standard Diagnostic Fetal Cardiac Planes 


The initial required step in the automation process is to define the spatial relationships of the standard diagnostic 2D 
planes to a reference plane of the target organ [14]. More recently the spatial relationships to the 4-chamber view 
plane of 6 diagnostic cardiac planes in the second trimester of pregnancy (between 18 and 23 weeks’ gestation) has 
been identified [15-17]. Based upon these data special software was developed. The six standard diagnostic cardiac 
planes include the left ventricular outflow plane (Cardiac plane 1: five-chamber view, aorta), the right ventricular 
outflow plane (Cardiac plane 2: pulmonary artery), the abdominal circumference plane (Cardiac plane 3: abdominal 
circumference, stomach), the ductal arch (Cardiac plane 4), the right atria inflow (Cardiac plane 5: vena cava 
inferior and superior to the right atrium) and the aortic arch (Cardiac plane 6) — Figs 6-11. In order to enhance the 
accuracy of the software and to account for gestational age and individual variations between fetuses, tomographic 
ultrasound imaging (TUI) was added to the display of each diagnostic plane. TUI was set to display seven images 
for each diagnostic plane. Characteristics of software and the TUI image-to-image distances are reported in Table 2. 


Table 2: Software characteristics: spatial relationship of Cardiac planes 1-6 to the four-chamber view (4CV) reference plane and 
tomographic ultrasound imaging (TUT) display 


Cardiac Spatial relationship to 4CV TU imagé to-image 


plane distance (mm) 
1 Parallel shift: -3.84 mm; Y rotation: 26.5 0.56 
2 Parallel shift: -9.00 mm 1 
3 Parallel shift: +14.0 mm 2 
4 Y rotation: 90 0.66 
5 Parallel shift: +5.98 mm; Y rotation: 90 0.80 
6 Parallel shift: +3 mm; X rotation: 14; Y rotation: -2; Z rotation: -6 1 


Automated Retrieval of Standard Diagnostic Cardiac Planes 


Prospective studies were done to evaluate the ability of software to retrieve six diagnostic cardiac planes from static 
3D-volumes of the normal fetal heart, in the 2"! trimester of pregnancy [15-17]. It has been reported that this 
software demonstrated an excellent display of all six cardiac views with appropriate quality of images in most cases. 
Each target cardiac plane was displayed in at least one TUI image in more than 90% of volumes. Therefore all 6 
diagnostic planes were retrieved from a single 3D volume in more than 75% of cases. The software performed 
equally well at each gestational age between 18 and 23 weeks. 


The potential clinical usefulness of automated multiplanar echocardiography was recently proved a study by Rizzo 
et. al [18]. This technique allowed successfully retrieve of outflow tracts planes from 4D volumes obtained at the 
level of four-chamber view and confirm discordant ventricular-arterial connection in fetuses with complete 
transposition of great arteries as well as with corrected TGA. 


Limitations of the Technique 


The detailed analysis of the impact of different factors on the ability of the automated software to retrieve diagnostic 
planes, from 3D cardiac volume datasets has showed that besides artifacts, which are typical for 3D volume 
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acquisition such as fetal activity (body or breathing movements), there are limitations typical for AMI technology 
only. The quality of 3D volume plays a critical role in the resolution of the retrieved planes. Given that the 
software is dependent, for its optimum performance, on adequate 3D volumes, its performance in difficult-to- 
image patients remains to be determined. Therefore it was reported if the initial acquisition of the 4-chamber 
view required z-rotation more than 90 degrees, the ability of software to display diagnostic cardiac plane 4-6 was 
affected. To avoid this problem the examiner should angle the transducer to obtain a better cardiac plane. 


The main limitation specifically related to the performance of the software and may be difficult to avoid, is a heart 
position in the chest. It was demonstrated that cardiac axis less then 35 or greater then 55 degrees caused the 
inability to obtain left and right ventricular outflow planes [19]. This aspect should be considered in future studies. 
We hope that future improvement in AMI technology will help to minimize this effect. 


Furthermore, most studies focused on gestational ages of 18—23 weeks, because most fetal anatomical surveys and 
echocardiograms are performed within this window. The performance of this software in fetuses at other gestational 
ages and in those with different congenital heart disease remains to be determined. 


CONCLUSION 


Our results validate the concept of automated sonography and its clinical applicability. By standardizing the 
approachto image acquisition and display and by substantially reducing the possibility of human error, automated 
sonography will improve the diagnostic acumen of ultrasound imaging and thus prove advantageous to clinical 
practice. Automated sonography also has the potential for improving the efficiency of ultrasound imaging by 
reducing the time needed to complete an ultrasound examination, thereby resulting in increased throughput of 
ultrasound laboratories. 
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CHAPTER 10 
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Abstract: Abnormalities of systemic and pulmonary venous connections are among the most frequently missed 
congenital heart disease (CHD) in prenatal ultrasound studies. In fact their prenatal US detection is difficult and 
requires adequate image resolution and attention to detail. 


Recently, three-four D US has been suggested to provide a significant contribution to our understanding of the 
developing heart in both normal and anomalous cases. In particular “B-flow-STIC imaging” and “inversion 
mode” have been demonstrated to supply additional information over that provided by 2D US in the prenatal 
diagnosis of some congenital heart defects, including abnormalities of the venous connections. 


In this chapter we report the 2D prenatal characterization of the most common anomalies of the venous 
connections, and describe the application and added value of 4D echocardiography with B-flow-STIC imaging or 
with inversion mode in the prenatal diagnosis of total anomalous pulmonary venous connections and abnormal 
systemic venous connections respectively 


Key Words: 4D Sonography, Fetal Echocardiography, Venous Connection. 
INTRODUCTION 


Abnormalities of systemic and pulmonary venous connections are often associated with additional heart defects 
which may be simple or complex, such as those associated with a heterotaxy syndrome [1]. Their prenatal detection 
is difficult and requires adequate image resolution and attention to detail. 


Abnormal systemic venous connections (ASVC) include anomalies of the left and right superior vena cava and 
coronary sinus, and anomalies of the inferior vena cava. 


Anomalous pulmonary venous connections can be partial (PAPVC) or total (TAPVC). TAPVC is characterized by 
the anomalous drainage of all the pulmonary veins, whereas PAPVC is characterized by the anomalous drainage of 
one, two, or three of the four pulmonary veins. 


Three-four D US has been suggested to provide a significant contribution to our understanding of the developing 
heart in both normal and anomalous cases [2-8]. In particular “B-flow-STIC imaging” and “inversion mode” have 
been demonstrated to supply additional information over that provided by 2D US in the prenatal diagnosis of some 
congenital heart defects (CHD) due to the ability to trace the spatial course of the vessels involved in the anomaly [3, 
5, 8,-10], and to facilitate the identification of small vessels [8-10]. In-fact B-flow — STIC imaging seems to improve 
the accuracy of prenatal diagnosis either of TAPVC [8-10] and of ASVC whereas inversion mode has been used 
only in the cases of ASVC [5]. In this chapter we report the 2D prenatal characterization of the most common 
anomalies of the venous connections, namely total anomalous pulmonary veins connection, persistent left superior 
vena cava (LSVC) with dilation of the coronary sinus (CS), interrupted inferior vena cava (IVC) with azygos 
continuation and describe the application and added value of 4D echocardiography with B-flow-STIC imaging or 
with inversion mode in the prenatal diagnosis of TAPVC and ASVC respectively. 


B-FLOW TECHNOLOGY 


B-flow is a technique that uses digitally encoded sonographic technology to provide direct visualization of blood 
echoes in gray-scale [11]. It simultaneously displays both tissue morphology and blood flow using the same gray- 
scale schemes (unlike color Doppler flow, in which the color signals are superimposed onto structural gray-scale 
images). The B-flow image does not interfere with the information produced by B-mode because both utilize the 
same spatial resolution and frame rate. 


When compared with color and power Doppler US, B-flow sonography has a higher frame rate and better spatial 
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resolution. It allows angle independent detection of weak blood reflectors from vessels. In fact, the peripheral small 
blood vessels with low flow velocity can be demonstrated, because of direct visualization of blood reflectors. 


The resulting image is a live gray-scale depiction of blood flow and part of the surrounding lumen. Since B-flow is 
one of the options of gray-scale mode a swift-switching between conventional 2D imaging and B-flow imaging can 
be easily obtained. 


B-flow technology can be also combined with STIC (spatio temporal image correlation) (General Electrics, 
Kretztechnik, Zipf, Austria). STIC is an acquisition modality of fetal heart volume allowing the visualization of 
cardiac structures as a 4Dcine sequence, that can be combined with other applications by selecting the appropriate 
setting before acquisition (B-flow, color and power Doppler, ecc) or with post-processing visualization modalities 
(inversion mode, tomographic ultrasound imaging etc) [6]. 


As detailed above, B-flow with STIC allows to make precise evaluations of spatially complex vascular anomalies 
and to improve the visualization of very low flow and tiny vessels, which is of major interest in the definition of 
complex CHD including TAPVC. 


The following descriptions and procedures are referred to B-flow combined with STIC. 


Volume Acquisition 


Before acquiring heart volume, B-flow sensitivity and persistence need to be set accordingly: the evaluation of 
arterial flow requires high sensitivity and low persistence, whereas the examination of venous flow with low 
velocity is achieved with a higher persistence and lower sensitivity. 


The acquisition technique has been described elsewhere [6]. Briefly, once the sagittal and transverse view of the 
fetal heart is visualized, heart volume datasets are acquired with B-flow imaging and STIC using automatic sweeps 
through the fetal thorax. If the operator is interested in the evaluation of the 4D reconstruction of the heart or the 
outflow tracts, optimal volume datasets of the 4-chamber view using transverse sweeps through the fetal thorax need 
to be acquired. If the operator wants to review the aortic and ductal arches, high-quality volume datasets are best 
acquired using sagittal sweeps through the fetal thorax. A detailed study of pulmonary venous connections requires 
the use of either transverse and sagittal sweeps through the fetal thorax whereas only sagittal sweeps through the 
fetal thorax are required for the study of systemic venous connections. The volume of interest is acquired with a 
sweep angle of approximately 20-40° (depending on the size of the fetus) that is usually sufficient to include the 
stomach, the heart, its vascular connections, including the venous ones, and the neck vessels. The size of the 
acquisition box is adjusted by placing its borders just outside the skin of the fetal chest. The acquisition time can be 
selected between 7.5 and 15 seconds. 


Multiplanar Display 


Once a volume is successfully obtained, it is displayed on the screen in a multiplanar image format, demonstrating 
one cardiac cycle beating in the three orthogonal planes (Fig. 1). 


10:15:37 


304D 


Figure 1: Multiplanar display of a volume dataset acquired using transverse sweep through the fetal thorax with B-flow and 
STIC. The A-plane is the acquisition plane and has the best image quality (upper left). The plane perpendicular to A but parallel 
to the ultrasound beam is identified with the letter B (upper right). The plane that is both perpendicular to A and to the ultrasound 
beam is defined as C (lower left) and is commonly referred to as the coronal plane. The B and C planes are the orthogonal planes 
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which have been reconstructed by the system. Therefore, the quality of the acquired volume can be estimated online by directly 
analyzing the B-plane. 


The display and manipulation of volumes acquired by STIC and B-flow require a substantial learning curve. Spatial 
orientation may be difficult to determine and, in particular, the accurate anatomical identification of left/right and 
dorsal/ventral sides may be confusing after several rotations and changes of plane. These difficulties hold true for 
3D volumes involving anatomically complex organs such as the fetal heart, but they are most true for a new 
technique of flow display such as B-flow technology. For these reasons, a standardization of the orientation of the 
fetal heart on-screen prior to the storage of dynamic volume datasets is a required initial step. A standardization of 
the modalities of display of heart volumes needs to be applied in the A, B, and C planes to ensure uniformity of 
orientation in the 3 dimensions. Each volume should be initially standardized in plane A (reference plane, 4- 
chamber view); the volume should be rotated so that the heart can be visualized at all times in a known anatomical 
position as if the fetus is always in vertex presentation with the apex of the heart on the left part of the panel A and 
the spine positioned at 6-o’clock. 


In this position, on the panel B, a sagittal view of the fetal thorax is displayed with the fetal head on the left side, the 
fetal breech on the right side of the screen and the dorsal portion of the fetus at the bottom of the image. In this case, 
on the panel C, a coronal view of the fetal thorax is obtained (Fig. 2). 


13.06.2007 ~ 10:15:37 


Figure 2: Multiplanar display of the B-flow-STIC volume in a fetus in a cephalic presentation. On panel A, the apex of the heart 
is positioned on the left part of the image (L); the spine (arrows) is at 6 o’clock position. On panel B, a longitudinal view of the 
fetal thorax is displayed with fetal head (H) on the left side of the image and fetal breech on the right side (B). R, right; V, 
ventral; D, dorsal. 


If the fetus is lying in breech presentation with the heart apex on the right side of the panel A and with the fetal head 
on the right of the panel B (Fig. 3), an image rotation by 180° on the y-axis is required. In this way, the final 
appearance will be that shown in Fig. 2. 
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Figure 3: Multiplanar display of the B-flow-STIC volume in a fetus in a breech presentation. On panel A, the apex of the heart is 
positioned on the right side of the image; the spine (arrows) is at 6 o’clock position. On panel B, a longitudinal view of the fetal 
thorax is displayed with fetal head (H) on the right side of the image and fetal breech (B) on the left side. V, ventral; D, dorsal. 
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The use of this view will ensure that the spatial orientation of the fetus will always be the same, by simple 
manipulations of the volumes. 


Rendering Mode 


Rendering mode allows to obtain realistic images of structures of interest that may be difficult to obtain by B-flow 
alone. Once the volume rendering is applied to the dataset, 3D image is displayed in the right lower panel of the 
screen (panel D). When the render option is activated on the 4D-viewer software, the operator should change the 
direction of the region of interest (ROI) and he should select one among 6 options. A craniocaudal direction of the 
ROI (green line on the left side of the panel B) must be selected to obtain a 3D image with the same orientation as in 
panel A (Fig. 4). 


20.05.2006 10:12:19 


Figure 4: B-flow-STIC volume. When the render option is activated, a 3D rendered image is shown on panel D (lower right). 
Note that green line is on the left side of panel B to obtain a 3D rendered image with the same orientation as in panel A. 


The thickness of the ROI may be adjusted in an attempt to display a thick-slice rendering comprising the fetal heart 
and its vascular connections, according to the endpoint of the rendering. Surface rendering mode may also be 
modified and a mixture of gradient light plus surface algorithms is selected (Video 1). 


Post processing adjustments in image quality must be also performed as necessary and include: (1) gamma curve 
correction to optimize tissue contrast resolution, and (2) gray scale threshold and transparency to improve border 
recognition of surface-rendered volumes. Generally, the transparency level must be set to 20, and the threshold level 
between 70 and 80 (both scales range from 0 to 250). Finally, a rotation of the 3D image along the x- z- and y-axis 
may be needed to improve the visualization of the structures of interest. 


INVERSION MODE 


The “inversion mode” is a rendering algorithm that transforms echolucent structures into echogenic voxels. Thus, 
anechoic structures such as the heart chambers, lumen of the great vessels, stomach and bladder appear echogenic on 
the rendered image, whereas structures that are normally echogenic prior to gray-scale inversion become anechoic. 


Since this technique, such as B-flow, does not use color or power Doppler sonography, it does not interfere with the 
frame rate and it does not have the inherent limitations to image reconstruction related to the angle of insonation, 
temporal resolution, or intensity of the Doppler signal. 


The inversion mode has been proposed as a technique capable of producing digital casts of the aortic and ductal 
arches and as a useful method to improve prenatal diagnosis of abnormal systemic venous connections. Therefore, 
the relationships between the fetal heart and great vessels and other fluid-filled non-vascular structures such as the 
esophagus and stomach can be visualized in a single volume dataset. Limitations of inversion mode are the absence 
of information regarding the velocity or direction of blood flow and it does not differentiate blood vessels from other 
hollow structures. 


Volume Acquisition 


The inversion mode is applied to the volume data sets acquired with B-mode imaging. To obtain a high-quality 
volume dataset of the systemic venous connections, once the sagittal view of the heart is observed, the acquisition 
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should be performed with sagittal sweeps through the fetal chest and abdomen using the spatio-temporal image 
correlation (STIC) technique. The time of acquisition should be lasted between 7.5 and 12.5 s, and the acquisition 
angles should be varied from 15° to 35°. 


Volume Rendering 


Volume dataset is initially displayed using multiplanar slicing. Once the volume rendering is applied to the dataset 
and a 3D image with the same orientation as in Panel A is displayed in the right lower panel of the screen, the 
inversion mode should be then applied to the volume dataset. 


A thick-slice rendered image of the volume dataset should be done showing the fetal heart and its connections. 
Surface rendering mode can be improved if a mixture of ‘gradient light’ and “surface” algorithms is selected. Post 
processing adjustments should be performed as necessary, including gamma curve correction to optimize tissue 
contrast resolution and gray scale threshold, and transparency to improve image quality. Usually low threshold and 
transparency levels should be adjusted until the structures of interest are visualized. 


Total Anomalous Pulmonary Venous Connection 


TAPVC is a multifaceted group of malformations affecting the pulmonary veins (PVs). The essential feature of 
these anomalies is that all the PVs drain into a site other than the morphological left atrium [10], (Video 2; Fig. 5A, 
B). 


Figure 5: A. Two-dimensional ultrasound image. Color Doppler allows to visualize the four pulmonary veins entering the left 
atrium (LA). B. B-flow-STIC imaging. Normal connection of all four pulmonary veins (PV) to the left atrium (LA). 


Usually, all PVs drain to the same site; however, in a few patients, different PVs are connected to separate 
anomalous sites. It can be categorized by the site of drainage in supracardiac, cardiac, infracardiac and mixed. 


Supracardiac connection can be to the innominate vein, or directly to the right superior caval vein, to the azygos 
system of veins or to the left caval vein. In the most common pattern, all the 4 PVs join into a venous channel, 
traditionally termed the confluence, located behind the left atrium (Fig. 6A, B). 


Figure 6: A. Two-dimensional ultrasound image showing the confluence (arrows) of pulmonary veins, posterior to the left 
atrium. B. B-flow —STIC imaging showing the drainage of each PV (arrow) into the confluence (C), which appears large and 
tortuous 


From this horizontal channel, an ascending vertical vein (Fig. 7) runs up to join with the innominate vein, which 
then terminates in the right superior caval vein. 
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Figure 7: Supracardiac total anomalous pulmonary venous connection.B-flow-STIC imaging showing the ascending vertical vein 
(VV) and the spatial relantionship between the confluence and the great vessels. The arrows indicate the entire course of the 
confluence. It is anterior to the thoracic aorta and drains into the ascending vertical vein. AO, thoracic aorta; C, superior vena 
cava; P, pulmonary artery. 


The chance of obstruction of the vertical vein is crucially related to its course and is highest when the vein passes between 
the left pulmonary artery and the left bronchus, which thereby forms a vice constricting the anomalous vessel. Albeit less 
frequently, an obstruction can also occur at the opening of the innominate vein into the superior vena cava. 


When TAPVC occurs through the coronary sinus (CS) it is defined as cardiac connection (Video 3). The enlarged 
CS could then function as an horizontal collecting venous channel. In this pattern of TAPVC, an obstruction to the 
venous return is rare. A direct connection of the PVs to the morphologically right atrium is seen most frequently in 
the setting of right isomerism. In this case both atria are of right morphology and the CS is absent. In the 
infracardiac pattern, PVs join together and enter a descending vertical vein that passes into the abdomen through the 
oesophageal orifice of the diaphragm (Fig. 8A, B). 


Figure 8: Infracardiac total anomalous pulmonary venous connection. A. Two-dimensional ultrasound image showing the descending 
vertical vein (VV) anterior to the descending aorta (DAO). The arrows indicate 2 neck vessels. B. B-flow- STIC imaging showing the 
descending vertical vein (V) which courses between the inferior vena cava (C) and the descending aorta (A); S, spine. 


It then usually drains to the portal vein or to one of its tributaries and rarely to the inferior caval vein. In the former 
event, an obstruction is almost always present following the closure of the venous duct, because the blood must pass 
through the hepatic tissue to reach the systemic veins. Additionally, discrete stenoses can be found as the vertical 
vein passes through the diaphragm. The PVs confluence often tends to have a vertical course. Of note, it usually 
appears as a discrete chamber, but at times it is rather small behind the left atrium in its sopradiaphragmatic portion, 
and can be hardly appreciated by conventional 2D US. In the mixed pattern, the PVs drain separately to different 
anomalous sites. 


Sonographic Findings 
2D Echocardiogriaphy 


Anomalous connection of the pulmonary veins is notoriously misdiagnosed prenatally, especially when isolated. In 
the few cases described prenatally, TAPVC is often associated with other cardiac anomalies in the context of 
heterotaxy syndromes. The diagnosis can be suspected on the 4-chamber view. Indirect signs of TAPVC are: 
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1) moderate atrioventricular disproportion, with the right sections larger than the left ones (in supradiaphragmatic 
forms). 


2) apulmonary artery significantly larger than the ascending aorta. 


The fetal echocardiographic clues to the diagnosis of TAPVC include failure to demonstrate a direct pulmonary 
venous connection to the left atrium, the detection of a venous confluence behind the left atrium (Fig. 6A), and the 
visualization of an ascending or descending vertical vein (Fig. 8A). Color Doppler (with low PRF to detect the 
extremely low-velocity pulmonary venous flow) may be used to confirm the vascular nature of the sonolucent area 
behind the left atrium (differentiating it from the esophagus). Spectral Doppler assessment can then be used to detect 
the typical pulmonary velocity waveform. 


4D Echocardiography 


B-flow imaging and STIC can be advantageously used to locate normal (Fig. 5B) and abnormal pulmonary venous 
returns. It enables to clearly visualize the confluence of PVs (Fig. 6B), and the vertical vein departing from it (Fig. 7, 
8 B). In addition, B-flow STIC imaging supplies a detailed view of the course and size of each PV, thereby allowing 
to reliably rule out the existence of single PV hypoplasia or atresia 


Abnormalities of the Systemic Venous Connections 


Interrupted Inferior Vena Cava with Azygos Continuation 


The prevalence of abnormal systemic venous return to the heart in children with congenital heart disease is 6.6%, 
and can reach as much as 70% in complex heart defects such as heterotaxic syndromes[5]. A frequent venous 
anomaly associated with these syndromes is the absence of the IVC between the renal veins and the hepatic veins. 
The right supracardinal vein persists to connect the caudal IVC to the azygos vein. This form of abnormal venous 
return is the result of connection failure between the right subcardinal vein and hepatic veins, and is present in most 
of cases with left isomerism (80-90% of cases); however its association with right isomerism (2,5% of cases) or with 
usual atrial arrangements has been reported. When there is interruption of the inferior vena cava with azygos 
continuation, the venous blood from the lower part of the body is usually drained into a dilated azygos or 
hemiazygos vein and reaches the right atrium through a superior vena cava. Usually, with azygos continuation, this 
is the right superior vena cava, whereas with hemiazygos continuation, the blood often reaches the right atrium 
through a persistent left superior vena cava and dilated CS. The azygos or hemiazygos veins ascend in parallel to the 
right or the left of the descending aorta respectively, before joining their corresponding superior vena cava. 


Persistent Left Superior Vena Cava with Dilation of the Coronary Sinus 


A persistent left superior vena cava (PLSVC) is due to the persistence of a vessel that commonly obliterates in the 
first trimester of gestation. There are two types of PLSVC. PLSVC connecting to the right atrium via a dilated 
coronary sinus forms 90% of the anomalies of the superior vena cava. In the remaining 10%, PLSVC connects to the 
left atrium. It is estimated that PLSVC occurs in 0.3-0.5% of the general population and up to 10% of cases in 
patients with CHD [12-13]. Commonly, a normal right superior vena cava (RSVC) is associated. Less frequently, 
however, the RSVC is absent and the PLSVC represents the only systemic vein draining blood from the upper part 
of the body back to the heart [13]. 


During the sixth week of development the cardinal veins constitute the main systemic venous drainage of the 
embryo [12- 14]. In fact the primary atrium receives venous tributaries from both sides of the embryo through the 
common cardinal (caval) vein, which connects the paired superior (which drain the cranial parts) and inferior caval 
veins (which drain the caudal parts). At 8 weeks, the innominate vein forms between the 2 SVCs. At 9 weeks, the 
left SVC is normally obliterated and only the right SVC remains [12]. The presence of a persistent LSVC can be 
attributed to the persistence of the proximal part of the left anterior cardinal vein [13,14]. The coronary sinus, which 
collects myocardial venous blood, develops from the left common caval vein, initially connected to the left superior 
and inferior vena cava. This explains why the vein is connected to the coronary sinus in most cases of persistent left 
SVC [12]. 


A persistent LSVC, if isolated, usually is an asymptomatic condition of no haemodynamic significance [13,14]. 
However, due to its significant association with other heart defects and extra cardiac anomalies, the recognition of a 
PLSVC should prompt a detailed cardiac and extra cardiac examination [13,14]. 
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Sonographic Findings 
2D Echocardiography 


When interruption of the inferior vena cava with azygos continuation is present, on the axial view of the 
abdomen, the azygos is close and lateral to the abdominal aorta (Video 4) and not anterior as with the inferior vena 
cava Video 5). In addition on the four chamber view behind the left atrium 2 vessels rather than one of similar size 
but different pulsatility are identified (Video 6, Video 7). The presence of two vessels behind the fetal heart has been 
described as the “two vessels sign”. This sonographic sign represents the descending aorta and a dilated 
azygos/hemiazygos vein. The connection of the azygos to the superior vena cava can be demonstrated in 
longitudinal view of thorax. 


The echocardiographic feature of a dilated coronary sinus is easily recognized in cases of left superior vena cava 
with connection to a coronary sinus. In fact it appears prominent in a basal four-chamber view of the heart (Fig. 9, 
Video 8). 


Figure 9: Persistent left superior vena cava. Two-dimensional ultrasound image. Axial view through the lower part of the 4- 
chamber view showing the dilated coronary sinus (arrows) posterior to the mitral valve. 


The increased caliber of the CS is an important indirect marker of central venous drainage abnormalities [10]: in 
most cases it is associated with persistence of left SVC drainage into the CS, but, less frequently, it may be 
associated with the presence of cardiac TAPVC. The diagnosis of left superior vena cava is confirmed on the “three 
vessel view” (Fig. 10) where PLSVC can be identified to the left of the pulmonary trunk. If RSVC is also present, 
four instead of three vessels are seen (Video 9). 


Figure 10: Three-vessel view of a normal fetus. The three vessels are (from right to left) the superior vena cava (C), the 
ascending aorta (A), and the pulmonary trunk (P). The pulmonary trunk is the largest vessel and most anterior; the superior vena 
cava is the smallest vessel and most posterior; the ascending aorta is in between. 


When the RSVC is absent there are only three vessels: LSVC, pulmonary trunk and ascending aorta (video 10). Sagittal 
view of the heart, demonstrates indirect drainage of PLSVC via the coronary sinus into the right atrium (Fig. 11). 
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Figure 11: Persistent left superior vena cava. Two-dimensional ultrasound image. Sagittal view of the fetal thorax showing the 
persistent left superior vena cava (LSVC) and coronary sinus forming a J-shaped channel. 


4D Echocardiography 


4D with inversion mode clearly shows the dilated azygos vein which ascends parallel, and to the right of the 
descending aorta before joining the SVC (Fig. 12). 


Figure 12: Interrupted inferior vena cava with azygos vein continuation. Three-dimensional image of a fetal heart rendered with 
inversion mode showing the arch of the azygos vein (AZ) joining the superior vena cava (SVC) before entering the right atrium. 
The parallel course of the dilated azygos vein and aorta (AO) can be seen. 


In addition inversion mode improves prenatal visualization of spatial relationship of the azygos vein with the 
surrounding cardiovascular structures including the descending aorta. 


A persistent left SVC and its spatial relationship with the surrounding cardiac structures is clearly visualized with 
4D with inversion mode (Fig. 13). 
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Figure 13: Persistent left superior vena cava. Three-dimensional image of a fetal heart rendered with inversion mode showing a 
persistent left SVC and its spatial relationship with the surrounding great vessels. The arrows indicate 2 neck vessels. RSC, right 
superior vena cava; P, pulmonary artery; A, aortic arch; IVC, inferior vena cava. 
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CHAPTER 11 


Three-Dimensional Ultrasound in Fetal Atrial, Ventricular and Atrioventricular 
Septal Defects 


Rabih Chaoui* 


Prenatal Diagnosis and Human Genetics, Berlin, Germany 


Abstract: Atrial, ventricular and atrioventricular septal defects are the most common cardiac anomalies in the 
humans and occur isolated or as part of other malformations in more than the half of children with a congenital 
cardiac anomaly. Whereas atrial defects are difficult to detect antenatally, ventricular and atrioventricular defects 
are detectable on two-dimensional and color Doppler ultrasound. Three-dimensional ultrasound as STIC 
technology allows in fetal septal defects on one hand a safe description and documentation of the finding and on 
the other hand a spatial demonstration of the defect with the possibility of getting new views into the heart. The 
choice of the ideal plane from a 3D volume enables to get the in-line visualization of the interventricular septum 
with the septal defect. Orthogonal views help to visualize the defect in the different planes. Tomographic imaging 
aids in getting the upper abdomen and the great vessels information in addition to the septal defect view, in order 
to rule out a complex malformation. Rendering mode with the enface view can be used to visualize the septum 
from a lateral view and the common atrioventricular valve in atrioventricular septal defects. The combination 
with color Doppler helps to get the spatial demonstration of the defect within the heart and provide in addition 
information on flow events during the cardiac cycle in septal defects. 


Key Words: Atrial septal defect, ventricular septal defect, atrioventricular septal defect, Fetal echocardiography, 
Spatial Temporal Image Correlation, Three-dimensional ultrasound. 

DEFINITION 

Septal Defects: 


A septal defect is an opening of the septum causing communication between the two corresponding chambers, an 
atrial septal defect (ASD) being a communication between both atria and a ventricular septal defect (VSD) between 
both ventricles. An atrioventricular septal defect combines a ventricular septal defect with an atrial septum primum 
defect [1]. 


Atrial Septal Defects (ASD): 


According to its location an ASD is classified into septum primum, septum secundum, sinus venosus and coronary 
sinus defect, but the most common is in 80% the septum secundum defect also called ASD II. 


Ventricular Septal Defects (VSD): 


Similarly ventricular septal defects (VSD) are classified according to their location and there are 4 types of VSD: 
perimembranous, muscular, inlet and outlet. Ventricular septal defects can be isolated or associated with other 
cardiac defects. Ventricular septal defects associated with conotruncal defects are outlet in location 


Atrioventricular Septal Defects (AVSD): 


AVSD are classified into partial AVSD which is a synonym of septum primum ASD and into a complete AVSD. In 
partial AVSD, two distinct mitral and tricuspid valve annuli exist whereas in complete AVSD there is typically an 
abnormal common atrioventricular valve which connects to the right and left ventricle. The common atrioventricular 
valve usually has 5 leaflets. Complete AVSD can in addition be classified as balanced or unbalanced. In unbalanced 
AVSD the atrioventricular connection predominantly drains to one of the two ventricles resulting in ventricular size 
disproportion. 


FETAL SEPTAL DEFECTS ON 2D- AND COLOR DOPPLER ULTRASOUND 
Atrial Septal Defect: 


It is practically impossible to diagnose reliably an isolated atrial septal defect in the fetus. ASD II is located in the 
foramen ovale region and it is not possible to predict whether a large foramen ovale will close postnatally or not. 
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ASD I however can be identified in the fetus by the gap in the septum primum region which is generally 
accompanied with a linear insertion of both atrioventricular valves (Fig. 1). When combined with other cardiac 
anomalies the ASD can be suspected. 


Figure 1: A) Atrial Septum primum defect (ASD I) with the typical gap in the septum primum region (open arrow), B) Color 
Doppler shows the typical right-to-left shunting (blue) across the ASD-I. LA-left atrium, LV-left ventricle, RA-Right atrium, RV- 
right ventricle 


Color Doppler shows in ASD I a right to left shunt across the defect (Fig. 1) and blood flow direction is parallel to 
the alignment of the atrioventricular valves. A left superior vena cava draining into a enlarged coronary sinus may 
mimic the presence of a ASD I, but in color Doppler the flow in coronary sinus will be opposite. 


The detection of an ASD I should alert the examiner to seek for additional cardiac and extracardiac anomalies, 
especially chromosomal anomalies as trisomy 21 and others. 


VENTRICULAR SEPTAL DEFECT (VSD) 


This defect can be easily detected on 2D ultrasound when its size is large enough, e.g. larger than 3mm (Fig. 2). 


Figure 2: Lateral view of a four-chamber views showing large (>2mm) muscular ventricular septal defect (VSD) in the middle of 
the septum on 2D (A) and on color Doppler ultrasound (B). LA-left atrium, LV-left ventricle, RA-Right atrium, RV-right 
ventricle 


Smaller VSD need either a targeted examination of the heart or the additional targeted use of color Doppler (Fig. 2). 
Most VSD detected prenatally are detected either in a high-risk patient with a positive family history or due to the 
detection of associated extracardiac anomalies. 


An inlet VSD is found at the level of the atrioventricular valves in the four-chamber 
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A muscular VSD is generally detected on color Doppler ultrasound and is often found in the apical region of the 
heart with bidirectional shunt. 


A perimembranous VSD is detected in the five chamber plane when the continuity between the ventricular septum 
and the ascending aorta is evaluated. It can be detected on 2D from a lateral view when its size is larger than 2-3 mm 
but should be confirmed by the presence of bidirectional shunt on color Doppler. 


ATRIOVENTRICULAR SEPTAL DEFECT (AVSD) 


This anomaly is best detected in the apical four-chamber view either in diastole when the common valve is open 
presenting the defect in the center of the heart (Fig. 3) or in systole when the atrioventricular valve is closed 
presenting the typical linear insertion of both valves. In general a septum primum defect and an inlet ventricular 
septal defect are recognized in these planes. If the ventricles are of different sizes an unbalanced AVSD should be 
suspected. 


Figure 3: Four-chamber plane in a fetus with complete atrioventricular septal defect (AVSD) visualized during diastole. In A) 
the arrow points to the gap in the center of the heart. In B) color Doppler shows in diastole how blood flows typically from both 
atria into both ventricles crossing the midline. LA-left atrium, LV-left ventricle, RA-Right atrium, RV-right ventricle 


Color helps to confirm the diagnosis of AVSD showing in diastole blood flow over atrioventricular junction with a 
mixture of blood of all 4 cavities (Fig. 3) [2]. In diastole when the valve is closed regurgitation of the common 
(often dysplastic) atrioventricular valve is found [2]. 


AVSD is considered as the major cardiac defect found in chromosomal aberrations as trisomy 21, 18 and others. It is 
also very common in fetuses with heterotaxy syndrome, but in these cases it is not combined with aneuploidies [1]. 
Once an AVSD is detected the upper abdomen should be carefully examined and the presence of signs of heterotaxy 
reduce the risk of aneuploidy on one hand but increase the risk of a complex cardiac malformation as part of 
heterotaxy syndrome on the other. 


An easy hint to facilitate detection of an AVSD is the observation of a ratio of atrial-to-ventricular length being 
more than 0.6 in the majority of cases conversely to a ratio of 0.5 in normal fetuses [3]. 


THREE-DIMENSIONAL ULTRASOUND IN SEPTAL DEFECTS ORTHOGONAL PLANES AND 
TOMOGRAPHIC IMAGING 


Septal defects are generally small and the information provided by a volume acquired as spatio-temporal image 
correlation (STIC) is generally superior to a static 3D volume in reliably demonstrating the defect. The 
demonstration of specific planes of a fetal heart with a septal defect either using 3D orthogonal or tomographic 
mode, facilitates the visualization of the lesion in addition to its adjacent planes. This visualization provides more 
information than on conventional 2D sonography. Ventricular and atrioventricular septal defect can be an isolated 
lesion but can also be a part of a complex cardiac and extracardiac malformation and tomographic ultrasound 
imaging has been shown to provide a better complete picture of the underlying anomaly in such cases (Figs. 4, 5) [4]. 
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Figure 4: Three dimensional tomographic imaging in a fetus with a detected atrioventricular septal defect (arrow in the middle 
image). Tomography provides the complete image showing a normal abdominal situs with the stomach (=St) left sided). L-Left. 
LV-left ventricle, RV-right ventricle 


Fig. 4 shows that the AVSD is not associated with heterotaxy, since the stomach is on the left side, whereas Fig. 5 
shows the suspected VSD is not an isolated finding but a part of a common arterial trunk. 


Figure 5: Three dimensional tomographic imaging in a fetus with a detected ventricular septal defect (solid arrow in red box 
plane). Tomographic imaging provides the additional information of abnormal great vessels (Yellow box). The yellow arrow 
shows that only one vessel is present. This is not an isolated VSD, but combined with a common arterial trunk. LV-left ventricle, 
RV-right ventricle 


The orthogonal 3D display can be used in gray scale (Fig. 6) or in combination with color Doppler to demonstrate 
the presence of a VSD in all three planes, by placing the intersection dot on the shunting VSD (Fig. 6 video 1) [5-6]. 


Figure 6: Three-dimensional STIC volume of a heart with a ventricular septal defect (VSD), in orthogonal planes display. In the 
upper panels A) and B), the apical view A) is shown without the VSD visualized. B) is the orthogonal plane to A) and is the in- 
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line visualization of the interventricular septum (IVS). In this plane the VSD is recognized red arrow in the perimembranous part 
of the septum. In C) and D) the intersection dot was moved to be placed in the VSD region in D) and the VSD is also recognized 
in the apical view in C) as well. RV- right ventricle, LV left ventricle 


For AVSD the diagnostic information in small defects is related to the demonstration of diastolic and systolic views, 
which is facilitated by scrolling through the volume along the time axis of the cardiac cycle (Fig. 7). 


Figure 7: Fetus with atrioventricular (AV) septal defect. Spatio-temporal image correlation allows in addition to the choice of a 
selective plane (here the apical four-chamber view, the choice of the time within the cardiac cycle (opened arrows on the time 
axis): In A) diastolic phase with opened AV valve showing the gap in the center of the heart (Asterisk) and in B) systolic phase 
with closed common AV valve, both valves showing a linear insertion (white arrows). RV- right ventricle, LV left ventricle. 


Volume information provides in addition the possibility of getting “ideal planes” or “anyplane” out of a volume [5- 
6] and the proposed “in-plane” view to demonstrate a septal defect [6], which is a plane along the interventricular 
septum (see Fig. 6B and D) can be easily retrieved from a STIC volume as shown in Fig. 6. 


SURFACE RENDERING MODE 


Surface mode used on gray scale STIC or combined with color Doppler STIC can be used to improve the 
visualization of septal defects not only in the usual four-chamber view, but also by getting new planes. One of these 
is the “en face” view of the ventricular septum as shown for the VSD in Fig. 8 and 9. The study of the ventricular 
septal defect in this “en-face” view enables for large defects to be better localized on the septum (Fig. 8 
perimembranous, and Fig. 9 midmuscular). 


A DIASTOLE B SYSTOLE 


Figure 8: En face view of the interventricular septum (IVS) in a fetus with a large ventricular septal defect (VSD). Both images 
show clearly how size and shape of the VSD change during the cardiac cycle. In diastole (A) at the maximum of chamber filling 
the shape is circular and the size is large, whereas in systole when the chamber size is smaller the septum is „squeezed“ and the 
VSD is smaller and the shape not circular anymore. 
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we 


B J} SYSTOLE C_ DIASTOLE 


Figure 9: In this fetus with muscular ventricular septal defect (VSD, open arrow) color Doppler STIC acquisition allows the 
demonstration of flow events across the VSD during the cardiac cycle by using glass-body mode rendering. The rendering box is 
placed over the interventricular septum (IVS) allowing a view from the right side. During systole (A) blood flow is from left to 
right (red) and the VSD size appears smaller (compare with previous case). In diastole B) blood flow is from right to left and the 
VSD size is larger. RV- right ventricle, LV left ventricle 


In addition it demonstrates the changes of the size of the defect being large and circular in diastole when chambers are 
maximally filled with blood and smaller and “squeezed” in systole (Fig. 8 and 9). The addition of color or power Doppler 
can be combined with glass body mode to demonstrate either the en-face view on the septum (Fig. 9) or the anterior view 
of the heart showing both ventricles connected by the ventricular septal defect and the crossing of great vessels (Fig. 10). 


Figure 10: Fetus with a ventricular septal defect (VSD) shown in power Doppler STIC acquisition demonstrating in glass-body 
mode an anterior view to the heart. Both blood flow in right (RV) and left (LV) ventricles is demonstrated and the crossing of 
aorta (AO) and main pulmonary artery (PA) are clearly recognized 


In atrioventricular septal defects surface rendering at the four-chamber view level may emphasize the size of the gap 
in the crux of the heart (Fig. 11. video 2) 


Figure 11: Four-chamber plane of a fetus with atrioventricular septal defect, showing in surface mode rendering of a STIC 
volume the linear insertion of the common AV valve in systole and the atrial and ventricular septal defects (Asterisks) LA-left 
atrium, LV-left ventricle, RA-Right atrium, RV-right ventricle 
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Figure 12: In this fetus with atrioventricular septal defect (AVSD, open arrow) color Doppler STIC acquisition allows the 
demonstration of flow events across the defect with 3D glass-body mode display A) shows the surface mode rendering during 
diastole with the opened common valve and B) shows the diastolic filling across the defect (compare with systole in next figure) 
LA-left atrium, LV-left ventricle, RA-Right atrium, RV-right ventricle 


Figure 13: 3D glass-body mode display in a fetus with atrioventricular septal defect showing the four-chamber view during 
systole. A) surface mode alone shows the defect (asterisks) and the linear insertion of the common AV valve. B) color Doppler 
added to the surface mode shows the valve regurgitation (open arrow) with blue flow from the ventricle into the atrium. LA-left 
atrium, LV-left ventricle, RA-Right atrium, RV-right ventricle 


The combination of STIC with color Doppler and glass body mode display allows the demonstration of the cardiac 
cycle related events, namely the mixture of blood flow across the defect during diastole (Fig. 12) and the valve 
regurgitation of the common atrioventricular valve during systole (Fig. 13). 


Another approach was proposed to visualize anomalies affecting the atrioventricular valves or the arrangement of 
the great vessels called the “basic cardiac view” (9) (Fig. 14 video 3) 


Figure 14: Atrioventricular septal defect (open arrow) with three dimensional surface rendering of STIC volume. The color box 
is placed in the atria and allows an „en face surface view“ on the common valve. In diastole the common valve orifice (B) is 
demonstrated clearly (open arrow) 
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When the 3D box is placed within the atria, the en face view on the atrioventricular valves, shows instead of two 
valves a single opening of the common valve (Fig. 14). The en-face view of the common AV valve can also be 
visualized from the ventricles which has in addition the advantage of providing valuable information on the anatomy 
of the valve apparatus [10]. 


COLOR DOPPLER, HIGH DEFINITION POWER DOPPLER, INVERSION MODE, B-FLOW RENDERING 


The combination of these features with STIC permits the demonstration of flow events across the septal defects as 
shown before and the rendering mode should be chosen accordingly to the underlying defect and the information 
wished. The demonstration of flow across a small VSD can for example be shown by combining B-flow or High 
definition power Doppler with STIC technique both enabling the detection of small defects. The use of inversion 
mode however, is preferably used for larger defects already recognizable on 2D [11]. 


CONCLUSIONS 


Septal defects in the fetus may be detected on two-dimensional ultrasound but are always confirmed by the use of 
color Doppler ultrasound. The use of three-dimensional ultrasound in fetal septal defects will preferably use spatio- 
temporal image correlation (STIC) acquisition. According to the wished information, orthogonal or tomography 
display modes can provide a better complete picture of the defect with neighbouring structures visualized, as well as 
an ideal demonstration of site and the range of the defect. Surface mode allows different views either the commonly 
used transverse views (four-chamber e.g.) or new “en face” views directly on the septum or on the atrioventricular 
valves. The additional combination of STIC with color Doppler, or other acquisition tools may add the spatial 
information of flow events in septal defects. 
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CHAPTER 12 
4D Study of Right Heart Anomalies 


Giuseppe Rizzo and Domenico Arduini 
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Abstract: In this chapter, the 2D, color Doppler and four dimensional (4D) features of major right heart 
abnormalities are described. In particular, the echocardiographic views on which the various lesions are present 
are reported. The diagnostic role of 4D echocardiography in allowing a spatial demonstration of the defects with 
the possibility of getting new views into the heart is outlined. Videos of major diagnostic features are also 
provided, to facilitate the understanding of the text. 


Key Words: 4D Sonography, Fetal Echocardiography, Right Heart Anomalies, Prenatal Diagnosis. 
INTRODUCTION 


This chapter will cover the most significant anomalies if the right side of the heart that can be observed prenatally. 
For each condition after a brief anatomical description, the criteria of echocardiographic diagnosis will be provided. 
In particular we will focus on the four dimensional (4D) acquisition and postprocessing modalities in fetal hearts 
with right side anomalies, demonstrating their use through case examples. A classification of right heart anomalies is 
reported in Table 1 


Table 1: Fetal right heart anomalies 


Anomalies of the inlet 


Tricuspid atresia 
Tricuspid dysplasia, regurgitation 
Ebstein’ s anomaly 


Anomalies of the outlet (without septal defect) 


Pulmonary stenosis 


Pulmonary atresia 


Anomalies of the outlet (with septal defect) 


Tetralogy of Fallot 
Double outlet right ventricle 


Truncus arteriosus 


The anomalies of the outlet with associated a ventricular septal defect (the so called conotruncal anomalies) will be 
described in chapter 15. 


TRICUSPID ATRESIA 


Tricuspid atresia is a congenital heart disease (CHD) where there is direct connection between the right atrium and 
right ventricle. A communication with the right ventricle is usually present and occurs through a ventricular septal 
defect. 


The prevalence of tricuspid atresia has been between 2-3% of infants with CHD and 1-2% prenatally [1,2,3]. Due to 
the relative hypodevelopment of the right ventricle tricuspid atresia is frequently diagnosed in utero under the 
hypoplastic right heart syndrome and this may explain the minor incidence reported in prenatal series. 


Diagnosis is usually performed by the 4 chamber view of the fetal heart [4] were an asymmetric development of the 
right ventricle is usually evident and a patent tricuspid valve is not identified (Fig. 1 video 1) 
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Figure 1: (video 1) A four chamber view of the fetal heart demonstrating tricuspid atresia. The right ventricle (RV) is 
hypoplastic and there is no opening tricuspid valve. 


The associated ventricular septal defect is usually visible, even though it may be of variable size (Fig. 2 video 2). 


Figure 2: (video 2) Evidence of the ventricular septal defect (VSD) from the 4 chamber view of the fetal heart. 


Color Doppler allows to confirm diagnosis by showing the lack of flow velocities across the tricuspid valve, a single 
ventricular flow inlet across the mitral valve and an unidirectional left to right shunt across the ventricular septal 
defect (Fig. 3 video 3). 


Figure 3: (video 3) Color Doppler shows absence of flow across the tricuspid valve (TV) and unidirectional shunt from the left 
ventricle (LV) to the right ventricle (RV) across the ventricular septal defect (VSD). Arrows indicate the abnormal blood flow 
direction due to the cardiac anomaly. 
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Intracardiac associated anomalies are frequent and in about 50% of the cases an obstructed right outflow is present. 
Arterial connections are usually concordant but transposed great arteries are present in about 20% of the cases. Less 
frequently an obstruction to the left ventricle outflow and anomalies of the pulmonary venous connections are present 


Echocardiographic diagnostic criteria in tricuspid atresia are reported in Table 2. 


Table 2: Sonographic features of tricuspid atresia 


Small right ventricle 

No opening tricuspid valve 

Ventricular septal defect 

No flow from right atrium to right ventricle 


Unidirectional left to right shunt across the ventricular septal defect. 


Tricuspid atresia is rarely associated with extracardiac anomalies. However it was reported a 5% incidence of chromosomal 
anomalies (trisomy 21, 18 deletion of chromosome 8 and 22q11microdeletions). Unfrequent is also the association with 
extracardiac anomalies but an association with VATER e VACTEREL syndromes has been reported [1, 3]. 


Although diagnosis is usually possible by routine screening of fetal heart with the 4 chamber view (4) population- 
based studies have shown low detection rates, with more than 50% of tricuspid atresia remaining undetected on 
routine second-trimester fetal ultrasound examination [5-6]. 


The recent introduction of 4D ultrasonography to clinical practice provided an important advance in imaging 
technology. With a 4D acquisition of the fetal heart from the 4 chamber view it is possible to obtain several 
additional informations on the cardiac anatomy in tricuspid atresia. 


Figure 4: (video 4) Apical four chamber view of the fetal heart in a case of tricuspid atresia showing the disproportion between 
the left (LV) and right (RV) ventricle. 


The advantages are: 


a) look at the integrity of the septal wall using tomographic technique (7) (Fig. 5 video 5). 


BOT BOOT "TOAST 


Figure 5: (video 5) Tomographic view of a case with tricuspid atresia allowing to evidence a small ventricular septal defect (arrows) 
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b) rendering the atrioventricular valve showing the tricuspid valve defect (Fig. 6 video 6) 


Figure 6: (video 6)b From the apical four chamber view of the fetal heart shown in Fig. 4 the rendering function is used. The 
figures shows a coronal view of the atrioventricular valve during diastole showing the normal opening of the mitral valve (MV) 
and the “no opening” of the tricuspid valve (TV) 


c) rendering the fetal heart to provide a better view of the right ventricle (RV) dimensions and contractility (Fig. 7, 
(video 7) 


Figure 7: (video 7) Rendering of the 4 chamber view showing the deep size of tricuspid valve and the small right ventricle (RV) 


d) providing a “live” view of the abnormal hemodynamic using inversion mode rendering techniques (Fig. 8 video 
8) or rendering with color Doppler or B-flow. 


Figure 8: (video 8) Rendering of the 4 chamber view with inversion mode showing the abnormal hemodynamic characterized 
by the absence of flow across the tricuspid valve and the left to right shunt across the ventricular septal defect (VSD) 


4D Study of Right Heart Anomalies Four Dimensional Fetal Echocardiography 107 
TRICUSPID DYSPLASIA AND REGURGITATION 


This anomaly include a wide spectrum of diseases ranging from transient findings to a more severe forms 
characterized by thickened valve leaflets. Tricuspid regurgitation occurs in about 5% of second trimester fetuses [8] 
and it is generally induced by a relative immaturity of valve leaflets faced to high value of right ventricular afterload 
occurring during the first half of pregnancy. With advancing gestation the afterload falls due to reduction in 
placental impedance to flow, the valvular function improves and as a consequence the tricuspid regurgitation 
disappears. 


Tricuspid dysplasia is distinguished from Ebstein’s anomaly on the basis of the normal insertion of the valve leaflets 
to the ventricular wall. 


Diagnosis may be difficult and it is usually performed by the 4 chamber view of the fetal heart were an enlarged 
right atrium with a tricuspid valve with increased echogenicity may be evidenced. By Color Doppler is possible to 
document the tricuspid regurgitation (Fig. 9 video 9). 


Figure 9: (video 9) Four chamber view of the fetal heart with color Doppler function superimposed sowing tricuspid 
regurgitation (tr) in a second trimester fetus. 


Pulsed or continuous Doppler allows to quantificate the severity of rigurgitation. It is particularly important to 
quantify the duration of the regurgitation that may last all the systole (olosystolic) or its initial part (so called trivial 
(Fig. 10). 


Figure 10:. Quantification of tricuspid regurgitation (tr) with color and pulsed Doppler techniques. In panel A and B a case with 
olosystolic regurgitation and C and D a case of “trivial" regurgitation. 


In order to avoid a misleading diagnosis of trivial regurgitation instead due to signals generated by physiological 
valve closure a duration > 70 msec is considered diagnostic [8]. 


108 Four Dimensional Fetal Echocardiography Rizzo and Arduini 


Diagnosis of tricuspid regurgitation at 11+0 to 13+6 weeks of gestation is of clinical interest since 60% of fetuses with 
trisomy 21 and 30% of fetuses with trisomy 18 have this anomaly [9]. In presence of a normal karyotype (5% of euploid 
fetuses have this finding) tricuspid regurgitation may be an early marker of more complex CHD (10) (Fig. 11 video 10) 


Figure 11: (video 10) Four chamber view of the fetal heart with color Doppler function superimposed sowing tricuspid 
regurgitation (tr) in a fetus at 12 weeks of gestation. 


Associated anomalies other than aneuploidies (trisomy 21,18, 13 and 45 X) may include secondary pulmonary 
stenosis/atresia due to reduced anterograde flow in the right outflow tract- 


4D ultrasound provides two major advantages: 


a) rendering the tricuspid valve allowing the visualization of the thickened leaflets (Fig. 12 video 11) 


Figure 12: (video 11) Coronal view of the atrioventricular valve showing the normal the mitral valve (MV) and the thickened 
leaflets (arrows) of the tricuspid valve (TV) 


b) exact localization of the color jet of the tricuspid regurgitation by multiplanar navigation of cardiac volume 
acquired with color Doppler. Indeed as shown in Fig. 13 the jet may be missed in one section (Fig. 13a video 12) 
and visualized only after the selection of the proper plane by multiplanar navigation (Fig. 13b video 13). 


Figure 13: A (video 12) Four chamber view with color Doppler reconstructed from a 4D cardiac volumes showing apparent 
normal filling of left (LV) and right ventricle (RV). B (video 13) The plane is slightly scrolled cranially and tricuspid 
regurgitation (tr) is evidenced. 
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EBSTEIN’S ANOMALY 


Ebstein’s anomaly is a rare entity with a prevalence of 0.3-0.5% of CHD [1, 11]. Ebstein’s malformation is a CHD 
in which the septal and mural (posterior) leaflets of the tricuspid valve are displaced downward into the inlet portion 
of the right ventricle. Tricuspid valve is always incompetent and there is a right atrium enlargement. The right 
ventricular size is reduced as its function is inversely related to its dimension [11]. 


Diagnosis is performed by cardiomegaly with dilatation of right atrium, low insertion of the septal and mural leaflets 
while the anterior usually appears moving in an abnormal way (spinnaker effect) (Fig. 14 video 14). 


Figure 14: (video 14) Four chamber view of the fetal heart showing an enlarged right atrium (RA), the low insertion (arrows) of 
the septal and posterior leaflets in the right ventricle (RV) and the “spinnaker effect (video 14) and the anterior leaflet. 


At color Doppler a massive regurgitant jet is evident (Fig. 15 video 15). 


Figure 15: (video 15) Some fetus of Fig. 14 on color Doppler a severe tricuspid regurgitation is shown. 
Intracardiac associated anomalies are frequent and include anatomic or functional (due to reduced anterograde flow) 
pulmonary stenosis-atresia, restrictive foramen ovalis, atrioventricular and ventriculo-arterial discordance [11]. The 


presence of associated anomalies affects the prognosis. 


The presence of chromosomal anomalies is unusual but Ebstein’s disease can be associated with Apert’s, Noonan’s 
and CHARGE syndromes [11]. 


4D echocardiography has been shown to be useful in predicting the results of surgical valvuloplastic [12]. Indeed it 
is possible to: 


a)obtain an assessment of thecommissures and leaflet surfaces by rendering the tricuspid valve (Fig. 16 video 16). 
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Figure 16: (video 16) Coronal view of the tricuspid valve in Ebstein’ disease showing the rendering and the relationship of 
dysplastic leaflets(arrows) 


b) providing a “live” view of the abnormal hemodynamic using rendering with color Doppler by showing the 
amount of retrograde and anterograde perfusion of the right ventricle (Fig. 17 video 17). 


Figure 17: (video 17) Color Rendering of right ventricle hemodynamics in Ebstein’s anomaly showing the prevalence of 
retrograde flow with tricuspid regurgitation (tr) and the marked reduced anterograde flow in pulmonary artery (pa) 


c) allowing an absolute volumetric quantification of the functional ventricle and enlarged atrium. This may be 
obtained manually on acquired cardiac volumes or using an semiautomatic segmentation approach of cardiac 
cavities (13,14) as shown in Fig. 18. 


Figure 18: Semiautomatic segmentation of the right heart showing the enlarged right atrium (ra yellow), the small right ventricle 
(rv green ) and pulmonary artery (pa grey) outflow shown in the 3 orthogonal planes and rendered. (3D). 


PULMONARY STENOSIS 


Isolated pulmonary stenosis represent 0.8% of CHD [1] and covers a wide spectrum in terms of presentation and 
severity and must be distinguished from critical stenosis and atresia of the valve. 
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The 4 chamber view is usually normal and diagnosis is frequently missed in screening program. Right ventricular 
outflow tract show the sonographic features shown in Table 3. 


Table 3: Sonographic features of isolated pulmonary stenosis. 


Restricted pulmonary valve leaflets 
Dilatation after stenosis (occasionally) 
Turbulent flow across the PA valve 


Increased Doppler velocity 


An example of isolated pulmonary stenosis is reported in 


Fig. 19 and video 18. 


Figure 19: (video 18) Short axis view of the fetal heart showing the narrowing of the pulmonary artery (pa) (arrow upper panel ) 
and the turbulent flow (middle panel) and the increased flow velocities at pulsed Doppler (lower panel). 


Pulmonary stenosis can occur as a part of Noonan’s, Alagille’s and Williams syndromes and it is unfrequently 
associated with chromosomal anomalies. 


In isolated pulmonary stenosis 4 D echocardiography is useful in evaluating the thickened restricted pulmonary 
valve leaflets (Fig. 20 video 19). 


Figure 20: (video 19) rendering of the short axis view of the fetal heart showing the thickened pulmonary artery (PA) leaflets. 
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PULMONARY ATRESIA 


Pulmonary atresia and critical stenosis with intact ventricular has an incidence of about 10%, of all CHD [1]. There 
is continuity between the two forms and critical stenosis may develop in an atresic valve. According to tricuspid 
valve there are two different anatomic variants. In absence of tricuspid regurgitation an hypoplastic right ventricle is 
present while in presence of tricuspid regurgitation the dimension of the right ventricle are normal and the right 
atrium enlarged. The former situation is more frequent and accounts for about the 70% of cases. 


In Fig. 21 (video 20.) an example with hypoplastic right ventricle is reported. 


Figure 21: (video 20) Four chamber view showing an hypoplastic right ventricle (rv) when compared to the left ventricle (Iv). 


Color flow mapping confirms the abnormal filling of the ventricle (Fig. 21 video 21) 


Figure 22: (video 21) Four chamber view with color Doppler function superimposed showing the absent filling of the right ventricle (rv). 


The pulmonary artery can vary in size from being near normal to severe hypoplastic and the valve leaflets are 
thickened and do not disappear during systole (Fig. 23 video 22). 


Figure 23: (video 22) A short axis view of the fetal heart showing a pulmonary trunk severely hypoplastic. The pulmonary 
valve (pv) is also demonstrated and appears to thickened and dysplastic. 
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Minimal or no forward flow is present across the pulmonary valve or in main pulmonary artery and reverse flow is 
the ductus arteriosus (ductal dependency). 


Ductal dependency may be evidenced from the 3 vessel view of the fetal heart showing flow in the pulmonary trunk 
in the opposite direction to the flow in the aorta (Fig. 24 video 23) 


Figure 24: (video 23) 3 vessel view of the fetal heart in a fetus with pulmonary atresia. Color flow mapping shows that in the 
pulmonary artery (pa) the flow is directed from the spine toward the anterior chest wall, rather then being directed toward the 
spine as is normal and occurring in aorta (AO). 


In presence of a concomitant anomaly of the tricuspid valve (valvular dysplasia or Ebstein’s malformation) there is 
an increase of heart dimension mainly due to an enlargement of the right atrium (Fig. 25 video 24). 


Figure 25: (video 24) Four chamber view of a fetus with pulmonary atresia and associated tricuspid dysplasia. The right atrium 
(ra) is enlarged and the right ventricle (rv) is hypertrophic and of reduced size. 


The dimension of right ventricle can vary from severely hypoplastic to almost normal size. Color flow mapping 
allows to demonstrated marked tricuspid regurgitation as shown in Fig. 26 (video 25). 


Figure 26: (video 25) Same fetus of Fig. 25 with color flow mapping showing the tricuspid regurgitation (tr). 
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Pulmonary atresia is not commonly associated with extracardiac anomalies or aneuploidies. 


The outcome is affected by the possibility of postnatal treatment with two-ventricle repair that allows a good long 
term outcome. On the other end those who will end in an univentricular repair face a less optimistic long term 
prognosis. 


Classical criteria of poor prognosis and subsequent univentricular repair are the presence of fibroelastosis in the right 
ventricle (Fig. 27 ) and the presence of sinusoids (coronary-right ventricle fistulas) (Fig. 28 ) [15, 16]. 


Figure 27: ( ) Four chamber view of a fetus with pulmonary atresia. The right ventricle size are reduced, the 
myocardium appears trabeculated and with an increased echogenicity of the free walls (arrows) suggesting the presence of 
fibroelastosis. 
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Figure 28: ( ) Same fetus of Fig. 27 showing the presence of coronary right ventricle fistula (sinusoid). Color flow 
mapping shows the dilated right coronary artery (arrows) on the surface of right ventricle showing biphasic flow 
direction(retrograde flow panel A, forward flow panel B) and corresponding spectral Doppler tracing panel C). 


More recently further prognostic criteria has been suggested as useful markers to predicts early in gestation the 
possibility of two-ventricle repairs such as the degree of reduction of ventricular size or changes in the ratios 


4D Study of Right Heart Anomalies Four Dimensional Fetal Echocardiography 115 


between left and right ventricle size or atrioventricular valves and the presence absence of tricuspid regurgitation 
[16, 17]. Their clinical significance remains to be established 


In fetuses showing poor prognosis intrauterine treatment has been suggested. The rationale of such approach is that 
the severity of the disease can further evolve in utero, and an early intervention may improve the outcome by 
altering the natural history of such conditions by performing fetal cardiac interventionan intrauterine by baloon 
valvuloplastic or radiofrequency perforation [18]. The risk/benefit ratio of this approach is not yet established. 


The advantages of 4D fetal echocardiography are similar to those already described for the other right heart diseases 
and may be summarized as follows: 

a) evaluation of the morphology and dynamics of the pulmonary artery (Fig. 20, video 19). 

b) evaluation of the tricuspid valve (Fig. 12 video 11) and its regurgitation. 


c) direct visualization of right ventricle morphology with rendering technique (Fig. 29 video 28 ). 


Figure 29: (video 28) Rendering of the fetal heart in a fetus with a hypoplastic right ventricle (RV). LV left ventricle, ra right 
atrium, ao aorta. 


d) providing a “live” view of the abnormal hemodynamic using inversion mode rendering techniques Fig. 30 (video 
29). 


e) evaluating ventricular volume, geometry and stroke volume (see also chapter 16). In particular the use of 
semiautomatic software for volume calculation [14] allows reliable measurements in short time interval compatible 
with clinical practice (Fig. 31). 


Figure 30: (video 29) Some fetus of Fig. 29, the small right ventricle (rv) is visualized with inversion mode. LV left ventricle. 
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Figure 31: Example of quantification of ventricular volume in a fetus with a small right ventricle (rv) during systole using a 
semiautomatic system (sonoAVC see reference 14). The arrows indicates the absolute ventricular volume during systole. 


It is also possible to obtain a simultaneous assessment of both ventricular volumes (Fig. 32 video 30) allowing to 
perform ratios between the size of the two ventricles. 


Figure 32: (video 30) Example of simultaneous assessment of right (rv blue) and left (lv red) ventricles using sonoAVC 
technique. 


This approach has the potential to allow an absolute and reliable quantification of ventricular size and function (by 
assessing the stroke volume) thus allowing serial observations through pregnancy of such fetuses. This may allow to 
evidence the evolution of the CHD and identify fetuses that may benefit from intrauterine treatment or earlier 
delivery. 
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CHAPTER 13 
4D Study of Left Heart Anomalies 


Giuseppe Rizzo and Domenico Arduini 


Department of Obstetrics and Gynecology, Universita Roma “Tor Vergata” Rome Italy 


Abstract: In this chapter, the 2D, color Doppler and four dimensional (4D) features of major right heart 
abnormalities are described. In particular, the echocardiographic views on which the various lesions are present 
are reported. The diagnostic role of 4D echocardiography in allowing a spatial demonstration of the defects with 
the possibility of getting new views into the heart is outlined. Videos of major diagnostic features are also 
provided, to facilitate the understanding of the text. 


Key Words: 4D Sonography, Fetal Echocardiography, Right Heart Anomalies, Prenatal Diagnosis. 
INTRODUCTION 


This chapter will cover the most significant anomalies if the left side of the heart that can be observed prenatally. 
For each condition after a brief anatomical description, the criteria of echocardiographic diagnosis will be provided. 
In particular we will focus on the four dimensional (4D) acquisition and postprocessing modalities in fetal hearts 
with right side anomalies, demonstrating their use through case examples. 


HYPOPLASTIC LEFT HEART SYNDROME 


The term Hypoplastic Left Heart Syndrome (HLHS) includes a spectrum of cardiac anomalies characterized by a 
marked underdevelopment of left ventricle and ascending aorta. This results in a situation where the left side of the 
heart is completely unable to support the circulation. Its incidence is between 0.1-0.25/1000newborns and represents 
about the 10% of the congenital heart disease (CHD) [1,2]. In prenatal diagnosis series the incidence is usually 
reported higher 12-18% of all CHD and this is due to intrauterine mortality rate. 


The “classical” form is characterized by an atresic mitral valve, an atresic aortic valve, a extremely small left 
ventricle with no inflow from the left atrium (Fig. | video 1). 


There is a “minor” form where the mitral valve is small but patent and the left ventricular chamber may be 
recognized. Other variants of HLHS include critical aortic stenosis, the Shone complex (mitral valve anomaly, aortic 
coarctation and subaortic stenosis), unbalanced atrioventricular septal defects all associated with severe hypoplasia 
of the left ventricle and aorta. 


Figure 1: (video 1) The four chamber view of a fetus with the classical form of HLHS. The cavity of the left ventricle is difficult 
to identify. 
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Color flow mapping allows to confirm the absence of filling of the left ventricle and the shunt from left to right at 
the level of foramen ovalis (Fig. 2, video 2) 


Figure 2: (video 2) Same fetus of Fig. 1. Color flow mapping allows to demonstrate the absence of flow through the mitral 
valve. 


A general characteristic in all the variants of HLHS is that the right ventricle forms the apex of the heart (Fig. 3 
video 3) 


Figure 3: (video 3) Four chamber view in a fetus with HLHS, the left ventricle cavity is small, the walls hyperechogenic. At the 
apex of the heart the right ventricle (rv) is present 


The ascending aorta is hypoplastic and no forward flow is detectable. Color flow mapping allows from the 3 vessel 
view of the fetal heart to confirm the diagnosis by showing a retrograde flow from the ductus to the aorta (Fig. 4 
video 4) 


Figure 4: (video 4) 3 vessel view of the fetal heart in a fetus with HLHS. Normal flow direction (blue) in the pulmonary artery 
(PA), while there is a reverse flow (red) in the aortic trunk (ao). 
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The HLHS is associated with aneuploidies in about 2% of vase, particularly 45X, but also trisomy 13 and 18. 
Extracardiac anomalies may be present in up to 18% of cases. 


The recent introduction of 4D ultrasonography to clinical practice provided an important advance in imaging 
technology. With a 4D acquisition of the fetal heart from the 4 chamber view it is possible to obtain few additional 
informations on the cardiac anatomy in HLHS.The advantages are 


a) to render cardiac volume and show in more direct view the severity of the reduction of the left ventricle (Fig. 5 video 5) 


Figure 5: (video 5). Rendering of HLHS (rv right ventricle) 


b) to confirm the absent inflow in the left ventricle by using the rendering function with color superimposed (Fig. 6 video 6) 


Figure 6: (video 6). Same fetus of Fig. 5 showing no left ventricular filling (rv right ventricle) 


c) to evaluate the relative size and position of both ventricles by using render with inversion mode (Fig. 7 video 7). 


Figure 7: (video 7) Same fetus of Fig. 3 note the small size of the left ventricle (lv) and the right ventricle (rv) forming the apex 
of the heart. 
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AORTIC STENOSIS 


Aortic stenosis is an obstruction to the left ventricle outflow tract and the site of obstruction may be subvalvular, 
valvular or supravalvular. The incidence is of 2-3% of all CHD [1,2]. 


The appearance of the fetal heart will depend on the severity of the obstruction. If aortic stenosis is moderated the left 
ventricle usually is normal in size, or slightly reduced with a variable degree of hypertrophy of the walls (Fig. 8 video 8) 


Figure 8: (video 8) The 4 chamber view of a fetus with moderate aortic stenosis. The left ventricle (lv) is smaller than the right 
ventricle (rv). The LV is hyperechogenic (arrows) 


The aortic leaflets are abnormal and usually always present during all cardiac cycle(Fig. 9 video 9) 


Figure 9: (video 9) Long axis view of the left ventricle showing a thickened aortic valve (ao) 


Color flow mapping shows turbulence and increased velocities at the level of aortic valve (Fig. 10 video 10) 


Figure 10: (video 10) Color flow mapping showing increased velocity at the level of ascending aorta. 
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that can be quantified by using spectral Doppler (Figure 11). 


Figure 11: The Doppler sample volume is positioned in the ascending aorta just beyond the aortic leaflets and the velocity 
measured are over 210 cm/sec 


Mitral regurgitation is also common due to the high pressure present in the left ventricle (Fig. 12 video 11). 


Figure 12: (video 11) Four chamber view of a fetus with aortic stenosis The left atrium and left ventricles are dilated and an 
evident mitral regurgitation (mr) is present. 


When aortic stenosis is critical the left ventricle is dilated and with poor contractility and increased echogenicity 
suggesting the presence of fibroelastosis. (Fig. 13 video 12). 


Figure 13: (video 12) Example of critical aortic stenosis. The left ventricle (LV) is increased in size, has poor contractility and 
its walls have an increased echogenicity (arrows) suggestive of fibroelastosis. 
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The shape of the ventricle is globular and there is difficult to document flow in the ventricle due to the poor 
contractility (Fig. 14 video 13). 


Figure 14: (video 13): Color flow mapping of the same fetus of Fig. 12. Note the absent filling of the left ventricle (LV) and the 
unidirectional flow (arrow) from the left atrium through the foramen ovalis (fo) to the right ventricle 


Intracardiac associated anomalies include mitral valve stenosis, ventricular septal defects (Fig. 15 video 14), 
restrictive foramen ovalis and aortic coarctation. The Shone’s Syndrome is a complex left heart disease that include 
mitral stenosis, aortic stenosis (usually subaortic) and coarctation. 


Figure 15: (video 14) Same fetus of figures 8 of 9. Color flow mapping allow the demonstration of a muscular ventricular septal 
defect. The flow is unidirectional (arrow) from the left ventricle (LV) to the right ventricle (rv) and not bidirectional as usual due 
to the higher pressure present in the lv for the presence of the aortic stenosis. 


Extracardiac anomalies are unusual but aortic stenosis can be associated with Turner syndrome and William’s 
syndrome (supravalvular aortic stenosis. 


Aortic stenosis may be a progressive disease that from mild forms may evolve in critical stenosis with fibroelastosis 
or hypoplastic left heart syndrome [4]. Intrauterine treatment with baloon valvuloplastic has been suggested in the 
more severe form in the extent to prevent this deterioration but its role remains to be established [5, 6] 


4D ultrasound provides the following advantages: 
a) rendering ventricular cavity and provide indirect informations on the proportion of the two ventricles and their 
contractility, This informations can be obtained both using direct rendering of the fetal heart (Fig. 16, video 15) or in 


combination with color Doppler informations (Fig. 17 video 16) 


b) evaluating ventricular volume, geometry and stroke volume This is usually performed by manual methods of 
calculations by using software such as Organ Computer-aided AnaLysis (VOCAL) [7, 8] (see also chapter 16). (Fig. 18). 
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Figure 16: (video 15): Rendering of the four chamber view of a fetus with critical aortic stenosis and fibroelastosis. Note the 
enlarged left ventricle (Iv) and its reduced motility. The right ventricle (rv) forms the apex. 


Figure 17: (video 16) Same fetus of Fig. 16. with rendering and color Doppler, Note the absent filling of the left ventricle (lv) 
and the unidirectional flow across the foramen ovalis (fo) from the left heart to the right ventricle (rv). 


The manual method has the disadvantage of the relatively long time of analysis and operator dependency. To 
overcome these difficulties semiautomatic software for volume calculation [9]has been developed (sono-Automatic 
Volume Count (sonoAVC)) and these software of analysis allow reliable measurements in short time interval 
compatible with clinical practice [10] (Fig. 19). 


Figure 18: Evaluation of left ventricle (LV) with VOCAL software in a fetus with aortic stenosis. 
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Figure 19: Evaluation of left ventricle (LV) with sonoAVC software in the same fetus of Fig. 17 


The evaluation of ventricular volume allows longitudinal evaluation of cardiac growth that may be useful in 
predicting the evolution of the disease in particular when compared to the growth of the right ventricle (Fig. 20 


video 17) 


Figure 20: (video 17) Simultaneous assessment of left (Iv blue) and right ventricle (rv red) volume by sono AVC 


c) improving the diagnosis of associated intracardiac anomalies such as ventricular septal defects that can be 
overlooked by conventional echocardiography. In particular the application of Tomographic Ultrasound Imaging 
(TUD in cardiac volumes acquired with color Doppler allows to obtain a complete view of the septum allowing an 
easy identification of small defects that can be difficult to evidence with 2D echocardiography [11] (Fig. 20, video 
18). 


Figure 21: (video 18) Visualization of a muscular septal defect (arrows) with TUI technique in a cardiac volume acquired with 
color Doppler of a fetus with aortic stenosis. 
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Further evolution of this technique is the “omniview” function that allows the simultaneous view of the ventricular 
defect in different planes allowing a better identification and assessment of the amount and direction of the shunt 
between the two ventricles (Fig. 22, video 19). 


Figure 22: (video 19) Use of the omniview function in the same fetus of Fig. 20. The ventricular septal defect is visualized in 
two perpendicular planes (yellow and violet lines) allowing to confirm the unidirectional blood direction from the left ventricle to 
the right. 


AORTIC ARCH ANOMALIES 


Aortic arch anomalies consist of several defects with different embryological etiology and the more frequent are 
aortic coarctation, interrupted aortic arch and right aortic arch. 


Coarctation of Aorta 


Coarctation of aorta is characterized by a narrowing of the distal aortic arch (isthmus) and occurs in about 0.2-0.6% 
of newborns [1, 2]. Prenatal diagnosis is challenging for the difficulties of studying aortic isthmus due to the 
presence of the patent ductus arteriosus. 


In severe case the diagnosis is suspected by the detection of a disproportion of ventricular size from the 4 chamber 
view [12] (Fig. 23, video 20). 


Figure 23: (video 20) Example of 4 chamber view in a fetus with aortic coarctation. The left ventricle (lv) is smaller than the 
right ventricle. 


Discrepancy in the relative size of aorta and pulmonary artery [13] has been also suggested to improve the diagnosis 
of aortic coarctation 
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Figure 24: (video 21) 3 vessel and trachea (tr) view in a case of coarctation of aorta. Aorta (ao) is hypoplastic relative to 
pulmonary artery (pa) and superior vena cava (svc). 


Simultaneous visualization of both great vessels can be obtained by the 3 vessel view (Fig. 24, video 21).In long 
axis view is also possible to perform comparison between aortic and ductal arch (Fig. 25 video 22) but this view has 
been reported as misleading [2] due to the difficulties in correctly visualizing both arches. 


Figure 25: (video 22) Simultaneous visualization of aortic (ao) and ductal (da) arches in a case of coarctation of aorta. Note the 
reduced size of aorta when compared to ductus arteriosus. 


High sensitive Doppler technique such as B flow may 


Figure 26: (video 23) Imaging of the aortic arch by B-flow technique. Note the narrowing (arrows) of the arch when compared 
to descending aorta. 
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be used to help in delineating the narrow lumen of the aortic arch (Fig. 26 video 23). 


Coarctation of the aorta may worsen with advancing gestation and subtle changes in second trimester may develop 
in severe forms. 


In up to 60% of the cases other intracardiac anomalies are present such as atrial and ventricular defects and 
obstructive lesions of the left ventricle. There is also an increased incidence of extracardiac malformations and 
aneuploidies. 


The advantages of 4D echocardiography are: 


a) rendering the left ventricle cavity providing information on ventricular size and contractility (Fig. 27 video 24). 


Figure 27: (video 24) Rendering of the four chamber view of a fetus with aortic coarctation. Note the small dimension of the 
left ventricle (Iv) despite the normal size of aorta (ao) 


b) to obtain an absolute quantification of ventricular volume and stroke volume by using VOCAL or sonoAVC 
software [7,8,10] as already reported for aortic stenosis. 


c) easier identification of atrial and ventricular septal defects by using TUI technique [11] (see aortic stenosis) 


d) reconstruction of the aortic arch by using either multiplanar display or B flow technique [14] (Fig. 28 video 25). 


/ 


Figure 28: (video 25) Reconstruction of the aortic arch with rendering technique using B-flow technique. Note the narrowing 
(arrow) of the aortic arch 


Interrupted Aortic Arch 


It is a rare anomaly of the aortic arch accounting for < 5% of all arch anomalies and it is divided in 3 types 
according to the position of the interruption: 
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1)type A in which the lesion is between the left subclavian artery and descending aorta and it appears as a severe 
form of aortic coarctation. 


2) type B in which there is interruption between the left common carotid artery and the left subclavian artery 


3) type C in which the interruption is between the innominate artery and the left common carotid artery and it is an 
extremely uncommon form 


Type B is the most common disease and it is usually characterized by a disproportion of ventricular size (Fig. 29 
video 26). Usually a malalignment ventricular septal defect is present. 


The aorta is of reduces size with straight direction and characterized by a V shape bifurcation in the innominate 
artery (brachiocephalic arterY9 and the left common carotid artery [15] (Fig. 30 video 27). 


Figure 30: (video 27) Same fetus of figure 29. The aorta (ao) appear straight and branches in the innominate (ia) and left 
common carotid (Ic) arteries. 


Microdeletion of chromosome 22q11 is associated up to 75% of cases with type B interrupted aortic arch [16]. 
The advantages of 4D echoardiography are: 
a) rendering the 4 chamber of the fetal heart as already show for aortic stenosis and coarctation 


b) providing a topographic visualization of the malalignment ventricular septal defect and of its sizes (Fig. 31 video 28) 
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Figure 31: (video 28) “Enface” view of the ventricular septum (vs) in a fetus with interrupted aortic arch type B showing the 
malalignment ventricular septal defect (vsd). 


c) reconstruction of the arch with B-flow technique (Fig. 32 video 29). 


Figure 32: (video 29) Reconstruction of the aortic arch with rendering technique using B-flow technique in the same fetus of 
Fig. 30. The aorta (ao) appear straight and branches in the innominate (ia) and left common carotid (Ic) arteries. 


Right Aortic Arch 


It is characterized by an aortic arch that courses to the right side of the trachea and arches around the proximal part 
of the right main bronchus. It occurs in about 0.1% of newborns [18]. 


The diagnosis is done from the 3 vessel and trachea view [18] were the trachea appears between the aorta and the 
pulmonary artery instead of being on the right side of aorta. (Fig. 33 video 30). 


Figure 33: video 30 3 vessel and trachea view of a fetus with right aortic arch. The trachea (tr) is between the pulmonary artery 
(pa) and aorta (ao) 
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The right aortic arch is frequently associated with other CHD including tetralogy of Fallot, and truncus arteriosus. 
Less frequently is associated with tricuspid atresia, transposition of great artery and ventricular septal defects [17]. 


Chromosome 22q11 microdeletion are frequent and right aortic arch may be the only cardiac sign present. When an 
aberrant subclavian artery is present there is also an increased risk of trisomy 21 [17]. 


4D echocardiography provides the following advantages: 


a) allowing a multiplanar display showing the spatial relationship between the trachea and the great vessels (Fig. 34 
video 31) 


b) allowing an easier identification of aberrant vessel such as the right subclavian artery by using the TUI technique 
in volume acquired with color Doppler function (Fig. 35, video 32) 


c) rendering and demonstrating the presence of vascular rings around the trachea (Fig. 36, 37, 38, video 33, video 
34, video 35) 


Figure 34: (video 31) Multiplanar display of a fetus with right aortic arch. The dot is placed on the fetal trachea (tr) 


Figure 35: (video 32) Display of aberrant right subclavian artery (arrow) by using the TUI technique 
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Figure 37: (video 34) Glass body display of the same fetus of Fig. 36 


Figure 38: (video 35) Glass body display of the same fetus of Fig. 36 
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CHAPTER 14 


Conotruncal Anomalies 


Dario Paladini* and Gabriella Sglavo 
Fetal Medicine & Cardiology Unit, Dept. Obstet. Gynecol. University Federico II of Naples, Italy 


Abstract: In the chapter, the 2D, color Doppler and 4D features of major conotruncal abnormalities will be 
described. In particular, the echocardiographic views on which the various lesions are detected will be described. 
In addition, the role of color Doppler in the recognition of valve stenosis or insufficiency will be illustrated. 
Finally, the diagnostic role of 4D echocardiography will be described, only in those cases in which it has 
additional clinical value. Videos of major diagnostic features are also provided, to facilitate the understanding of 
the text. 


Key Words: 4D Ultrasound, Fetal Echocardiography, Conotruncal Anomalies. 


TETRALOGY OF FALLOT (TOF) 


Anatomy. Tetralogy of Fallot (TOF) is a cardiac malformation characterized by: 1) a malalignment subaortic VSD, 
2) an aorta overriding the defect, 2) an obstruction of the right outflow tract, mainly involving the infundibular part, 
of varying degree; 4) a consequent hypertrophy of the right ventricle which becomes manifest only after birth. In the 
fetus, the pulmonary stenosis is often late onset and the main diagnostic features become then the malalignment 
VSD with the overriding aorta. The TOF spectrum comprises a number of variants and subtypes among which TOF 
with absent pulmonary valve and pulmonary atresia with VSD, which will be addressed separately. 


Ultrasound diagnosis. As for most conotruncal anomalies, the 4-chamber view is unremarkable, unless anomalies of 
the atrioventricular plane are associated, which is rather uncommon. The classic form of TOF is diagnosed on the 
outflows’ views, where the malalignment VSD with the overriding aorta can be seen (Fig. 1 - video 1). 


Figure 1: Tetralogy of Fallot. On the left outflow tract view, it is possible to detect the malalignment ventricular septal defect 
(arrow). See also video | (Ao: ascending aorta LV: left ventricle; RV: right ventricle) 


On the right outflow tract view, the smaller pulmonary artery can be detected. As mentioned above, the infundibular 
stenosis is not a constant finding in the 2nd trimester, but a significant stenosis, sometimes even progressing to 
atresia, can develop in the 3" trimester [1]. This is why serial ultrasound monitoring is important in order to 
demonstrate antegrade flow through the pulmonary artery late in gestation to exclude the potential need for 
prostaglandin therapy after birth. Color Doppler can be used to demonstrate flow through the VSD toward the aorta 
(Fig. 2 - video 2) from both ventricles and flow through the smaller pulmonary outflow tract. 
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Figure 2: Tetralogy of Fallot. Color Doppler investigation of the left outflow tract confirm the malalignment ventricular septal 
defect with an override of the ascending aorta. See also video 2. (Ao: ascending aorta LV: left ventricle; RV: right ventricle) 


Of note that in utero it is unusual to detect any significant acceleration of blood across the right outflow tract, even 
in the presence of an obvious reduction of the vessel size. Spectral Doppler is of limited value, as is 4D 
echocardiography [2]. The latter may be of help if anomalies of the aortic arch are associated. 


From what has been said above, in utero TOF cannot be differentiated from a simple malalignment VSD, if evident 
pulmonary stenosis is absent. Therefore, in the absence of pulmonary outflow obstruction, it is always necessary to 
consider the possible evolution from malalignment VSD in TOF. Another important concept is that the degree of aortic 
overriding is variable, and cannot be fully appreciated in the fetus. Therefore, when the aorta emerges about 50% from 
the right ventricle, differentiation of TOF from a Fallot-like double-outlet right ventricle can be difficult, the two being 
distinguished only by the degree of aortic overriding. With regard to the differential diagnosis with other conotruncal 
anomalies, it should be considered that common arterial trunk (CAT) and pulmonary atresia with ventricular septal 
defect (PAVSD) share with TOF the presence of a malalignment VSD. Hence, if aortic overriding is found, the right 
outflow tract should be evaluated: if a small pulmonary artery is connected to the right ventricle, the diagnosis is TOF; if 
this is atretic, it is PAVSD; if the pulmonary artery originates from the single emerging vessel, it is CAT. 


Prognosis and survival. The association with extracardiac anomalies is frequent, in particular gastrointestinal and 
thoracic ones (esophageal and duodenal atresia, and diaphragmatic hernia), even independently of chromosomal 
anomalies. The aneuploidy risk is high (up to 20% in fetal case series), with equal distribution between trisomies 21 
and 18.14,15 [3-5] Consequently, karyotyping is mandatory. There is a lesser association with microdeletion 22q11, 
except in the variant with absence of the pulmonary valve, where the association is about 25%. [6]. Also the risk of 
association with non-chromosomal syndromes is relatively high [7]. 


As for the obstetric management, it is safer to plan the delivery in tertiary referral centers in order to warrant optimal 
multidisciplinary management of possible associated malformations, notwithstanding the fact that the shunt is 
significant enough to warrant oxygenation in classic TOF. 


The overall prognosis will depend on several factors, including karyotype, associated extracardiac malformations, 
and cardiac anatomy. This last factor is extremely important as the anatomy of the defect may vary significantly. 
With regard to survival, case series of patients with isolated TOF report long-term survival rates as high as 80-90%. 
Hence, if no unfavorable prognostic factors are found in utero, and, above all, after birth, TOF is an easily 
correctable heart defect, with excellent survival and good quality of life [5]. 


ABSENT PULMONARY VALVE SYNDROME (APVS) 


Definition. The absent pulmonary valve syndrome refers to a rare congenital anomaly, namely a severely hypoplastic 
pulmonary valve with anular stenosis, aneurysmal dilatation of the main pulmonary artery and branches. This anomaly 
may occur as an isolated lesion, or, more commonly be associated with TOF and ductal agenesis. In the former, the 
interventricular septum is intact, the pulmonary arteries are less dilated, and the ductus arteriosus is present. 


Ultrasound diagnosis. Unlike most conotruncal malformations, APVS can be suspected on the 4-chamber view. The 
two key features are an evident cardiomegaly and an abnormal cardiac axis [6]. On this view, on some occasions, 
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the pulmonary trunk may be so dilated to become visible. On the left outflow view, the malalignment VSD with an 
overriding aorta can be seen. Sweeping further cephalad from this view, a severe dilatation of the pulmonary trunk 
and branches comes into view (Fig. 3). 


Figure 3: Tetralogy of Fallot with absent pulmonary valve. On color Doppler, the right outflow tract view demonstrates the 
severe dilatation of the main pulmonary trunk and branches, due to the steno-insufficiency of the severely hypoplastic pulmonary 
valve. Aliasing due to high velocity is also evident on color Doppler. (LPA: left pulmonary artery; RPA: right pulmonary artery; 
RV: right ventricle) 


Color Doppler is used to detect the stenosis and insufficiency of the rudimentary pulmonary valve (Fig. 3). We may 
apply 4D echocardiography to demonstrate effectively the degree of pulmonary artery dilatation (Fig. 4 - video 3) 
and to characterize the severely dysplastic pulmonary valve [2]. 


LPA 


Figure 4: Tetralogy of Fallot with absent pulmonary valve. 4D-echocardiography clearly demonstrates the severity of the 
dilatation of the pulmonary main artery and branches. See also video 3. (LPA: left pulmonary artery; RPA: right pulmonary 
artery; RV: right ventricle) 


Prognosis and survival. The risk of association with chromosomal anomalies is extremely high for APVS-TOF, with 
25% association rate with the microdeletion 22q11 [6, 8]. On the contrary, the variant with an intact ventricular 
septum is rarely associated with aneuploidies. Therefore, karyotyping including FISH analysis for the DGCR on 
chromosome 22 is mandatory in all cases of APVS-TOF [7]. Delivery should take place in a tertiary referral center 
in order to ensure adequate neonatal management, which may require resuscitation and, in some cases, tracheotomy. 


Survival is lower than that reported for TOF, due to the frequent association with the microdeletion 22q11. In 
addition, severe respiratory distress due to compression of the bronchial tree by massively dilated pulmonary arteries 
and tracheomalacia may lead to demise after birth. 


PULMONARY ATRESIA WITH VENTRICULAR SEPTAL DEFECT (PAVSD) 


Anatomy. PAVSD represents an extreme form of TOF. There is a malalignment VSD with an overriding aorta, 
while the right ventricular outflow tract is, in most cases, similar to that of TOF, with the muscular outlet septum 
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being anteriorly displaced. In most cases, the muscular outlet septum fuses directly with the parietal musculature of 
the right ventricle, obliterating the ventriculopulmonary junction. The anatomy of the hypoplastic pulmonary vessel 
is variable. In the most frequent arrangement, the right and left pulmonary arteries are confluent (communicating 
with each other) and supplied by the ductus arteriosus. Alternatively, the central pulmonary arteries may be 
confluent and coexist with Major Aorto-Pulmonary Collateral Arteries (MAPCAs). The third pattern of arterial 
supply is complete absence of the central pulmonary arteries, the lungs being directly supplied by multiple 
MAPCAs. 


Ultrasound diagnosis. The 4-chamber view is usually normal; in some cases, minor leftward rotation of the cardiac 
axis and/or cardiomegaly can be appreciated The malalignment VSD is best visualized on the left outflow tract view 
(Fig. 5 - video 4), on which sometimes, as in the case shown, also the hypoplastic pulmonary artery is displayed. 


Figure 5: Pulmonary Atresia + Ventricular Septal Defect. On the left outflow tract view, it is possible to demonstrate the 
malalignment ventricular septal defect with the ovveriding aorta. It is also shown, just behind the aorta, the small, atretic 
pulmonary artery (arrow) - See also video 4. (Ao: ascending aorta LV: left ventricle; Pa: main pulmonary artery; RV: right 
ventricle) 


When the right and left pulmonary arteries are present, they are commonly smaller than normal and confluent, with 
the characteristic appearance of a ‘flying seagull’, and their size is usually dependent on the source of arterial 
supply. The pulmonary vascular bed may be supplied with blood flow from a ductus arteriosus, from MAPCAs, or 
from a combination of both. Color Doppler can be used to confirm overriding of the aorta (see Fig. 2 and video 2), 
and to demonstrate the retrograde blood flow across the ductus arteriosus. The use of color Doppler or power 
Doppler is also important to demonstrate the presence of MAPCAs branching off the descending thoracic aorta. 
Spectral Doppler has a limited diagnostic role to play in PAVSD. 4D echocardiography has recently been 
demonstrated to be very helpful in the definition of the vascularization pattern of the pulmonary arteries [2, 9]. In 
particular, the use of B-flow imaging and/or the inversion mode can demonstrate the confluent pulmonary arteries 
and the MAPCAs better than 2D ultrasound. As for the the differential diagnosis, it should be underlined that 
differentiating PAVSD from CAT can be challenging. CAT types II and II] and PAVSD share the reduced 
dimensions of the pulmonary branches and the prevalence of the aortic vessel. When doubts arise, the following 
anatomic details should be sought to make the final diagnosis: the aortic/truncal valve is always dysplastic (from two 
to five cusps) and typically stenotic and/or insufficient in CAT, not in PAVSD; the direction of flow within the 
arterial duct is reversed in PAVSD, anterograde in CAT 


Prognosis and survival. The risk of association with chromosomal anomalies is high for PAVSD, which shows a 29% 
association rate with the 22q11 microdeletion and, to a much lower extent with trisomies 13 and 18 [7]. Therefore, 
karyotyping with FISH analysis for the DGCR on chromosome 22 is mandatory. Delivery should take place in a tertiary 
referral center to allow proper neonatal management, being the pulmonary circulation ductus-dependent. 


The main prognostic factors for PAVSD are represented by the anatomy of the pulmonary arteries and by the 
sources of the pulmonary blood supply. The most favorable arrangement, from a surgical point of view, is that in 
which the two pulmonary branches are confluent and are supplied by the arterial duct. On the contrary, the complete 
absence of the central pulmonary arteries, with the lungs being directly supplied by multiple MAPCAs, represents 
the worst scenario, being associated with a significantly worse prognosis; also, it is the most difficult to treat 
postnatally 
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COMMON ARTERIAL TRUNK (CAT) 


Anatomy. Common arterial trunk (CAT) is characterized by a single arterial trunk arising from the base of the heart, 
which supplies the systemic, coronary, and pulmonary blood flow. CAT results from a septation failure during 
development of the ventricular outlets and the proximal arterial segment of the heart tube. The earliest classification, 
developed by Collett and Edwards [10], includes four different anatomical subtypes with respect to the origin of the 
pulmonary arteries: in type I, a short main pulmonary trunk arising from the common arterial trunk which gives rise 
to right and left pulmonary arteries (48-68% of cases); In types II and III, the pulmonary trunk is absent and the two 
pulmonary branches arise close to one another (29-48% of cases- type II) or distant one from the other (6-10% of 
cases - type III). Type IV is currently defined as PAVSD. 


Ultrasound diagnosis. In CAT, the 4-chamber view is usually unremarkable, being a slight increase of the cardiac 
axis noted in a minority of cases. On the left outflow tract view, the constant malalignment VSD and the usually 
abnormal truncal valve are seen (fig.6). Sometimes, the truncus may straddle one ventricle, especially if there is 
dominance of one ventricle [11]. Visualization of the pulmonary arteries is essential to distinguish CAT from 
PAVSD and to identify the CAT subtype (fig 6). 


Figure 6: Common aterial trunk, type I. The left outflow tract view demonstrates the large truncal root, and the main pulmonary 
artery branching off the trunk just above the truncal valve. The small, hypoplastic pulmonary branches are also barely visible 
(arrows). (LV: left ventricle; RV: right ventricle; T: truncus arteriosus) 


In the case of PAVSD, the hypoplastic pulmonary arteries are supplied by the ductus arteriosus and/or by the major aorto- 
pulmonary collateral arteries (MAPCAs). As previously mentioned, in type I CAT, the main pulmonary trunk arises from 
the posterolateral aspect of the common trunk and bifurcates into two pulmonary arteries (fig.6). In types II and III, the 
pulmonary arteries arise separately. The truncal valve is often dysplastic, and may be regurgitant or stenotic. Color 
Doppler may be used and may help to evaluate the ventriculo-arterial connection (fig.7), checking for possible steno- 
insufficiency of the truncal valve, and to trace the course and connection of the pulmonary trunk/arteries. 


Figure 7: Common aterial trunk, type I. On color Doppler, the malalignment ventricular septal defect with ovveriding of the 
arterial trunk is confirmed. (LV: left ventricle; RV: right ventricle; T: truncus arteriosus) 
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The use of 4D echocardiography is extremely useful in the identification of the small pulmonary branches in type 
MII CAT (fig.8) and in the characterization of the pulmonary trunk anatomy in PAVSD (especially with inversion 
mode and B-flow) [2]. 


Figure 8: Common arterial trunk type II (both pulmonary arteries branching off at the same distance from the valve). On 4D- 
echocardiography, it is possible to demonstrate the two pulmonary branches directly departing from the arterial trunk 
(arrowheads). This diagnosis is extremely challenging on two-dimensional echocardiography and is much simpler and 
straightforward using 4D-echocardiography. (aa: aortic arch; LV: left ventricle; RV: right ventricle; T: truncus arteriosus) 


Prognosis and survival. CAT can be associated with cardiac and extracardiac abnormalities in a significant 
percentage of cases, and some of these may have an impact on management and outcome. Associated cardiac 
defects, which occur in 20-30% of cases, include absence of ductus arteriosus (50% of cases), interruption of the 
aortic arch or right aortic arch, and atrioventricular valve atresia [11]. The risk of association with chromosomal 
anomalies is significant, in the range of 5-10%, but what is extremely high is the risk of association with the 
microdeletion 22q11, which is present in 30-40% of the cases both in prenatal and in postnatal series [11]. 
Therefore, karyotyping with FISH analysis for the DGCR is mandatory. Delivery should take place in a tertiary 
referral center, so that the neonate can be transferred to a pediatric cardiology unit to confirm the diagnosis and 
receive an adequate management. 


The final prognosis depends on on the presence of extracardiac and chromosomal anomalies and of unfavorable 
cardiac anatomy (e.g. severe truncal valve regurgitation, IAA, and straddling with ventricular hypoplasia). 
Immunodeficiency in case of an underlying DiGeorge syndrome is also an issue. 


DOUBLE-OUTLET RIGHT VENTRICLE (DORV) 


Anatomy. DORV encloses a wide range of lesions characterized by a double right ventriculo-arterial connection that 
may have completely different hemodynamic characteristics. The main feature of DORV is that both great vessels 
arise for more than 50% from the same ventricle and that the spatial relationship of the two arteries may vary 
extensively. They can show a normal relationship, with the aorta posterior and the pulmonary artery anterior and to 
the left, or they can be malposed, with the aorta arising anteriorly, behind the sternum, and the pulmonary trunk 
posterior above the VSD. The VSD position and commitment is also variable: non-committed, sub-pulmonary, 
subaortic, doubly committed. Besides, there may be an obstruction of the pulmonary outflow or, much less 
frequently, the aortic outflow, due to pulmonary stenosis/atresia or aortic coarctation. The most frequent variants are 
the Fallot type (subaortic VSD, great vessels in normal spatial relationship, and pulmonary artery obstruction), the 
Taussig-Bing type (subpulmonary VSD and malposed great arteries), and the type with subaortic VSD but without 
pulmonary stenosis. In many cases, other major cardiac defects such as ventricular hypoplasia (almost always due to 
straddling and overriding of one of the two atrioventricular valves), aortic coarctation, AVSD, and cardiosplenic 
syndromes can be associated. Ultrasound diagnosis. It is important to underline that, unless severe anomalies of the 
atrioventricular junction are associated, the 4-chamber view is unremarkable, as in most conotruncal anomalies. The 
double right ventriculo-arterial connection is detected on the outflow tract views: the crossover is missing and the 
great vessels run parallel and arise from the anterior ventricle in normal relationship or malposed (Fig. 9 - video 5). 
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Figure 9: Double Outlet Right Ventricle (DORV). On the outflow tracts’ view, it is possible to demonstrate the absence of the 
crossover, with the two great arteries coursing parallel one to the other. The arteries are also malposed, with the aorta anterior and 
the stenotic pulmonary artery posterior (arrow). The small sub-pulmonar ventricular septal defect is also evident. See also video 
5 (Ao: ascending aorta; LV: left ventricle; Pa: main pulmonary artery; RV: right ventricle) 


The use of color Doppler may facilitate the assessment of the spatial relationship of the great vessels (Fig. 10). 


Figure 10: Double Outlet Right Ventricle (DORV). On the right outflow tract view, using color Doppler it is possible to 
demonstrate again the absence of the crossover and the two parallel vessels. In this case, there was no malposition, and the aorta 
arises normally from the central part of the heart. (Ao: ascending aorta; Pa: main pulmonary artery; RV: right ventricle) 


Noteworthy, the diagnosis of outflow obstruction in DORV is based on comparison of the vessel size rather than on 
increased transvalvular velocity. Very important is the definition of the spatial relationship of the great vessels 
because it identifies the type of surgical approach required, and therefore the prognosis. Also, DORV may change 
through the course of pregnancy: the degree of pulmonary outflow obstruction can worsen significantly in the 3rd 
trimester, and, if one of the atrioventricular valves show straddling or overriding, ventricular hypoplasia can 
develop. 4D echocardiography may be used to confirm the double ventriculo-arterial connection and the absence of 
the crossover [2], but these diagnoses can be effectively made on 2D also. 


Prognosis and survival. From the prognostic standpoint. if DORV is not associated with extracardiac or 
chromosomal anomalies, the major negative prognostic feature is the presence of other cardiac defects (AVSD, 
cardiosplenic syndromes, aortic coarctation, and straddling/overriding of the atrioventricular valves with consequent 
hypoplasia of the underlying ventricle). The general prognosis is very poor if DORV is associated with 
chromosomal anomalies or syndromic conditions. The risk of association with chromosomal anomalies is very high, 
in the range of 12-45%, with a prevalence of trisomies 18, 13, and, to a lesser extent, 22q, 11 microdeletion and 
trisomy 21 [3-5]. Hence, karyotyping is mandatory, especially if extra-cardiac anomalies are found in association. 
The delivery should take place in a tertiary referral center, so that the neonate can be transferred to a pediatric 
cardiology unit to confirm the diagnosis and to receive adequate management. 


Due to the strong association with aneuploidy and extracardiac anomalies, the overall survival of fetal DORV is 46- 
50%, if terminations of pregnancy are excluded. However, it is shown that the overall surgical mortality rate for 
biventricular repair is as low as 13%, with an 86% 10-year survival rate. The mortality is much higher if other major 
cardiac lesions are associated. 
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COMPLETE TRANSPOSITION OF THE GREAT ARTERIES (TGA) 


Anatomy. Complete transposition of the great arteries (TGA) is determined by the presence of a discordant ventriculo- 
arterial connection, with the aorta arising from the right ventricle and the pulmonary artery connected to the left 
ventricle. The pulmonary and systemic circulations function in parallel, rather than in series. This malformation is 
caused by abnormal formation of the aorto-pulmonary septum. TGA can occur as an isolate anomaly (simple TGA) or 
be associated with a VSD and/or pulmonary outflow obstruction; less commonly with aortic arch anomalies. It is very 
rare to find atrioventricular valve abnormalities, including straddling and overriding, associated with TGA. Significant 
anomalies of the coronary pattern, which are not diagnosable in utero, are associated in two-thirds of the 
cases.Ultrasound diagnosis. The 4-chamber view is unremarkable, as for most conotruncal anomalies, unless major 
anomalies of the atrioventricular junction are associated. The diagnosis is made on the outflow tract views, where there 
is no crossover, with the two arteries following a parallel course. The aorta arises from the anterior right ventricle, and 
the pulmonary artery is connected posteriorly with the left ventricle (fig 11). In order to detect possible (valvular) 
obstructions of the pulmonary artery and of the aorta (arch coarctation/interruption), it is important to compare the size 
of the two vessels. On longitudinal views, the anteriorized connection of the ascending aorta gives the aortic arch a 
wider angle curvature similar to a “hockey club” and not to the classic “umbrella handle” of the normal arch. In case of 
TGA with an intact ventricular septum, particular attention should be paid in late gestation to signs possibly indicative 
of a restrictive foramen ovale, such as consistent bulging into the left atrium and/or thickening, or limited movement of 
a small foramen ovale flap - ref.12). 


Figure 11: Transposition of the Great Arteries (TGA). The left outflow tract view demonstrates also in TGA the absence of the 
crossover, as in DORV. In this case, however, each vessel is connected with the wrong ventricle: the aorta, anterior, arises from 
the right ventricle, the pulmonary artery, posterior, from the left ventricle. The type of vessel is identified by showing the two 
pulmonary branches (arrows) in the pulmonary artery (Ao: ascending aorta; LV: left ventricle; Pa: main pulmonary artery; RV: 
right ventricle) 


Color Doppler may contribute to confirm the ventriculo-arterial discordance, (Fig. 12 - video 6), to recognise small 
VSDs not evident on greyscale ultrasound, and to detect possible pulmonary/aortic outflow obstruction. 4D 
echocardiography has been shown to be useful in the assessment of the spatial relationship of the great arteries, 
deriving the risk of association with coronary abnormalities (video 7) [13]. 


Figure 12: Transposition of the Great Arteries (TGA). Color Doppler contributes to the assessment of the ventriculo-arterial 
connection: each vessel is clearly emerging from a different ventricle. See also video 6 and video 7. (Ao: ascending aorta; LV: 
left ventricle; Pa: main pulmonary artery; RV: right ventricle) 
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It can also demonstrate very nicely the parallel course of the great vessels (Fig. 13). 


Figure 13: Transposition of the Great Arteries (TGA). 4D-echocardiography nicely demonstrates the absence of crossover and 
the ventriculo-arterial discordance. In this case, inversion mode rendering was used. (Ao: ascending aorta; LV: left ventricle; Pa: 
main pulmonary artery; RV: right ventricle) 


As to the differential diagnosis, TGA can be distinguished from DORV paying attention to the ventriculo-arterial 
connection. Prognosis and survival. From the cardiological standpoint, the worst prognostic indicator is the 
occurrence of significant right outflow obstruction, for this represents a contraindication to the classic arterial switch 
operation. On the other hand, TGA seems to protect from aneuploidy, like cTGA and cardiosplenic syndromes; and 
is also exceptionally rare the association with other syndromic conditions. Hence, karyotyping can be avoided, 
unless clear markers of aneuploidy are associated. Serial follow-up scans are indicated, especially in case of TGA 
with intact ventricular septum, in order to recognize a restrictive foramen ovale, if present. If this is the case, it is 
necessary to organise the delivery so that the neonate is transferred to the interventional catheterization room within 
30 minutes at the latest, in order to perform a life-saving Rashkind atrioseptostomy. As a consequence, delivery 
should be organized in a tertiary referral center, alerting the cardiac hemodynamist of the imminent delivery [14]. If 
there is significant shunting across a VSD, together with a non-restrictive foramen ovale, the neonate may be 
transferred to the pediatric cardiology unit in the first hours of life in order to ensure assessment of oxygen 
saturation and proper planning of the Rashkind atrioseptostomy. The option of choice for surgical correction of TGA 
is the arterial switch operation. In some cases, the palliative atrial switch (Senning or Mustard procedure) operation 
is performed, usually at 3-6 months of life If early neonatal management is properly planned, this CHD has a long- 
term survival rate greater than 90% in good functional conditions. What makes the difference is certainly prenatal 
diagnosis, being responsible for a 7% reduction in surgical mortality [14]. Patients undergoing palliative surgical 
procedures (Mustard or Senning) have lower survival rates (80%). 


CORRECTED TRANSPOSITION OF THE GREAT ARTERIES (cTGA) 


Anatomy. cTGA is defined by the association of atrio-ventricular and ventriculo-arterial discordance, with the 
double discordance functionally correcting the circulation. The left atrium is connected via a tricuspid valve to a 
morphologically right ventricle from which the aorta emerges and, viceversa, the right atrium is connected via the 
mitral valve to a morphologically left ventricle from which the pulmonary artery emerges. The discordance between 
cardiac situs and position is very often associated, with dextrocardia in situs solitus and levocardia in situs inversus. 
Frequently associated are other major cardiac lesions, including VSDs, abnormalities of the left-sided tricuspid 
valve, pulmonary outflow obstruction and rhythm disturbances. 


Ultrasound diagnosis. Fundamental for the diagnosis of cTGA is the 4-chamber view, on which the atrioventricular 
discordance is evident (Fig. 14): the morphologically right ventricle is positioned to the left and is connected to the 
left atrium; conversely, the left ventricle, forming the apex of the heart, is positioned to the right and is connected to 
the right atrium. 
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Figure 14: Congenitally corrected transposition of the great arteries (CTGA). On the apical 4-chamber view, it is possible to 
detect the atrio-ventricular discordance. Note the lower insertion of the left-sided abnormal tricuspid valve (arrow) and the fact 
that the apex of the heart is made by the ventricle positioned on the right side (morphological left ventricle). (LA: left atrium; 
mLV: morphological left ventricle; mRV: morphological right ventricle; RA: right atrium) 


Other features that may increase the confidence of the diagnosis are the different attachments of the chordae 
tendinae of the two atrioventricular valves: the left-sided tricuspid valve papillary muscles attach to the ventricular 
apex, whereas the right-sided mitral valve papillary muscles attach to the lateral free wall (Fig. 15). 


Figure 15: Congenitally corrected transposition of the great arteries (CTGA). On the transverse 4-chamber view, it is possible to 
detect the differential attachments of the chordae tendinae. The left-sided tricuspid ones attach onto the apex of the ventricle 
(arrowheads), whereas the right-sided mitral ones attach on the lateral myocardial wall (arrow). This is an additional feature 
supporting the diagnosis of atrio-ventricular discordance. (LA: left atrium; mLV: morphological left ventricle; mRV: 
morphological right ventricle; RA: right atrium) 


Assessment of the outflows demonstrates the pulmonary artery arising from the right-sided left ventricle and the 
aorta emerging from the left-sided right ventricle. Recognition of dextrocardia in situs solitus should always prompt 
assessment of central connections to rule out a cTGA. Anomalies of the tricuspid valve, VSDs, pulmonary and 
aortic outflow obstruction, and complete heart block are frequently associated [15]. The heart block is progressive, 
very often appearing only in the 3™ trimester or after birth, and is due to the abnormal position of the conduction 
tissue. Color Doppler may be helpful to distinguish the spatial relationship of the great arteries and in the detection 
of the VSD. To quantify the transvalvular gradient in the case of pulmonary stenosis it is possible to use spectral 
Doppler. 4D echocardiography can surely demonstrate the inverted position of the ventricles by inversion-mode or 
B-flow renderings (Fig. 16, video 8). 
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Figure 16: Congenitally corrected transposition of the great arteries (CTGA). 4D-Echocardiography confirms both the atrio- 
ventricular discordance and the differential attachments of the chordae tendinae, with the left-sided tricuspid ones attaching onto 
the apex of the ventricle (arrowheads) and the right-sided mitral ones attaching on the lateral myocardial wall (arrow). See also 
video 8. (da: descending aorta; LA: left atrium; mLV: morphological left ventricle; mRV: morphological right ventricle; RA: 
right atrium) 


Prognosis and survival. Ventricular hypoplasia and outflow atresia represent ominous prognostic signs. Scant is the 
association with other malformations, with minor renal anomalie having been reported in association with cTGA 
[15]. The risk of association with chromosomal and non-chromosomal syndromic conditions is virtually non- 
existent, for cTGA seems to protect from aneuploidy, together with TGA and cardiosplenic syndromes. Therefore, 
fetal karyotyping is not recommended. It is advisable for delivery to take place in a tertiary referral center, especially 
if there is evident outflow obstruction, major atrioventricular anomalies or congenital heart block with low cardiac 
output. Postnatal management of cTGA is controversial. Major surgery can be avoided if there are no outflow 
obstructions or significant valve abnormalities. The real problem is the long term survival. The frequency and 
severity of the associated cardiac lesions and the conduction system abnormalities represent the most important 
determinants of survival and mortality. The main indicators of a poor prognosis are a severe insufficiency of the left- 
sided tricuspid valve and impaired systolic function of the right (systemic) ventricle. By 45 years of age, 67% of 
individuals with associated lesions showed heart failure, in comparison with 25% of individuals with isolated cTGA 
[16]. 
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First Trimester Study of Fetal Heart with 4D Echocardiography 
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Sackler Faculty of Medicine, Tel Aviv University, Israel 


Abstract: The following chapter discusses the added value of various novel 3- and 4-Dimensional Ultrasound 
(3D/4D US) applications for assessing fetal cardiac anomalies at the first trimester of pregnancy. Information on 
the importance of the early diagnosis, the feasibility, the anomalies that can be detected at early stages of 
pregnancy and the limitation of such early examination are discussed in details. 

Key words: First Trimester, Fetal Echocardiography, 4D Fetal Echocardiography. 

INTRODUCTION 


Congenital heart disease (CHD) is the most common major congenital malformation with a birth incidence of 4-8 
per 1000 neonates, and high rates of neonatal mortality (20-30%) [1, 2]. High risk population for CHD includes 
fetuses with increased NT, family history of CHD, and pre-gestational diabetes (Table 1). 


Table 1: Common indications for early fetal echocardiography [19, 38, 39]: 


Maternal indications 
1. Family history First-degree relative 
2. Pre-existing metabolic disease Diabetes 
3. Maternal infections Parvovirus B19, Rubella, Coxsackie 
4. Cardiac teratogen exposure Retinoids, Phenytoin, Carbamazepine, Lithium, carbonate, 
Valproic acid 
Fetal indications 
5. Suspected fetal heart anomaly 
6. | Abnormal fetal karyotype 
7. Major extracardiac anomaly 
8. Abnormal nuchal translucency >3.5 mm before 14 weeks’ gestation 


Persistent bradycardia, Persistent tachycardia, Persistent irregular 


9. Fetal cardiac rate or rhythm disturbances heart rhythm 


10. Reversed end diastolic flow in the umbilical artery 


Prenatal diagnosis of CHD has several purposes: First, patients can be advised about the prognosis and the possible 
options of treatment and can be referred to tertiary centers for delivery. Second, because there is a strong association 
between cardiac defects and chromosomal abnormalities [3-5], karyotyping can be offered when CHD are 
diagnosed. Third, patients can choose termination of pregnancy when severe CHD is diagnosed. 


Imaging of the fetal heart in the first trimester of pregnancy is technically more demanding than in mid-gestation 
because of the relatively smaller size of the fetus and the cardiac structures (the diameter of the heart is about 3 mm 
at 12 weeks’ gestation) (Table 2). 
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Table 2: Cardiac anomalies that can be detected at the first trimester of pregnancy. 


No. Patients GA acy Complete Anomalies detected Anomalies 
echo missed 
Achiron [40] | 660 Lowrisk 13-15 100% 98% fee aor atresia; TOF, feed) 
persistent truncus arteriosus rhabdomyoma 
Russel [41] 32 Low risk 12-14 100% 
Carvalho [31] | 46 Low risk 11-14.6 37-100% 
n=14: hypoplastic left heart, 
McAuliffe [3] 160 Highrisk 11-15.6 95% AV canal, VSD, hypoplastic n=6:TGA, VSD 
right heart 
n=7: hypoplastic left heart, 
Poa TGA, truncus arteriosus n=6: TOF, VSD 
i = 0, -990 > > > > 
Weiner [4] 392 Highrisk 11-14 100% 88-99% AV canal, VSD, hypoplastic ASD 
right heart 
n=12: hypoplastic left heart, ane TOR : 
11.2- AV-canal, truncus pu torie stenosis, 
Weiner [5] 200 High risk ` 100% 41-94% : 7 P VSDX4, ASD, 
13.5 arteriosum, hypoplastic right tati f 
heart, VSD, TGA, TOF eee 
arorta 
n=38:VSD, hypoplastic 
right heartA V canal, TGA, n=10:hypoplastic 
Gabriel [42] 330 High risk 12-17 100% 94.6% pulmonary atresia, TOF, left heart, VSD, 
tricuspid atresia, hypoplastic ASD, TOF 
left heart 
Carvalho [43] | 222 High risk 100% 96% on neal, Vou i pulmonary 
pulmonary atresia, tricuspid : 
attedia stenosis 


GA - gestational age 4CV - four chamber view TOF - tetralogy of Fallot.Technological improvements extended the 
boundaries of the diagnosis of fetal anomalies. The introduction of 3D/4D US opened new era and advanced our 
capabilities in the demonstration of in-vivo cardiac performance and diagnosis of various fetal malformations. The 
ultimate goal of 3D and 4D ultrasound is to improve the detection rates of CHD with the ability to navigate the 
volume and to rotate it, and thus demonstrate additional angles other than the original angle of acquisition. As a 
result, it has the potential to decrease the dependency on fetal position and sonographer skill because it provides a 
volume dataset that can be used to display the desired images [6-10]. 


The objective of this chapter is to review the value of 4DUS examination of the fetal heart during the first trimester. 
3D/4D VERSUS 2D US EXAMINATION OF THE FETAL HEART 


3D/4D US overcomes major limitation of the 2D US: It provides the examiner with an unlimited number of images 
for review; it allows for correlation between image planes that are perpendicular to the main image acquisition 
plane; it enables navigation through the volume dataset and examination of the fetal heart in the absence of the 
patient; it enables the operator to follow abnormal vessels and to find their origin; it has the potential to shorten the 
evaluation time, especially when complex heart defects are suspected; it enables the reconstruction of a 3D rendered 
image that contains depth and volume which may provide additional information that is not available from the thin 
2D image slices; it provides examination of the fetal heart using a tomographic approach similar to that used to read 
computerized tomography; the data volume can be stored and reviewed offline by the examiner or it can be viewed 
by experts at a remote site; it provides the examiner with the ability to review all images in a cine-loop format; and it 
enables to slow down the heart rate and detect fast details in slow [10-14]. 


BASIC PRINCIPLES OF 3D AND 4D ECHOCARDIOGRAPHY: 


Gating: Gating is the accurate temporal assignment of 3D images within the cardiac cycle, and is essential for the 
3D reconstruction of dynamic cardiac structures. Cardiac motion cannot be depicted using non-gated, static 
reconstructions, which have been shown to be of reduced resolution and suboptimal accuracy. The dynamic changes 
in the anatomical structures during the cardiac cycle can be displayed using continuously gated, dynamic 3D (i.e. 
4D) echocardiography [15-16]. 
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Spatio-temporal image correlation - STIC: STIC is a technique that allows examination of the fetal heart within a real time 
3D (i.e. 4D) volume, displayed in a cineloop that was developed at University of San Diego California [17,18]. 


Acquisition of the STIC Volume [12, 13, 16, 19-21]. 


In order to have a good STIC volume the 2D image should be optimized: narrow angle, higher frame rate, avoidance 
of acoustic shadow and other artifacts. After acquiring the best 2D image the operator has to focus on two points: the 
window of acquisition and the angle of acquisition. In the window of acquisition it is important to include part of the 
chest and not to be focused only on the heart. It is important to define the anterior, posterior, right and left sides, and 
to be able to diagnose enlargement and deviations of the heart. The angle of acquisition should be the minimal angle 
that includes the information, and by this the acquisition time would be shorter and the movement artifact reduced. 


The resultant consecutive volumes are a reconstructed complete heart cycle that displays in an endless loop. This 
loop may be played in slow motion or stopped at any time for detailed analysis of specific phases of the cardiac 
cycle. Because there is a volume dataset, each of the scan planes can be moved and rotated while maintaining the 
synchronized cardiac loop. Thus, the four-chamber view, long axis, short axis, great vessels and all other views can 
be displayed both in cine loop and as still images (Fig. 1, 2, videol). 


13 weeks 


Figure 1: Render mode of four chamber view from normal fetus at 13 weeks gestation. The volume acquired with STIC and 
High Definition Doppler (HDD). Render mode with glass body at the initial acquisition plane was made. RV=right ventricle; 
LV=left ventricle, [VS=inter ventricular septum; RA=right atrium; LA=left atrium; arrow demonstrate the direction of blood 
flow from the atria to the ventricles during the diastole. 


13 weeks 


Figure 2: The same volume as in figure 1. The volume now is in the upper chest where the PA (pulmonary artery) crosses the aorta. 


Post Processing 


We can use the volume as 2D images or 3D images. The multiplanar mode demonstrates 2D images that are 
perpendicular to each other (the axial, sagittal and coronal planes) at the same time. The tomographic ultrasound 
imaging (TUI) demonstrate 2D images that are parallel to each other and the whole 5 axial views of the heart can be 
detected at the same time (Fig. 3). 
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24.02.2009 09:12:40 


Figure 3: Tomographic ultrasound imaging (TUI) of normal fetus at 11 weeks. The volume acquired with STIC and High Definition 
Doppler (HDD). S=stomach, IVC=inferior vena cava, A=aorta, LA=left atrium, RV=right ventricle, LV=left ventricle, PV=pulmonary vein. 


The volume can be demonstrated as a 3D image using rendering tools. The 3D can be manipulated by editing the 
colors, the image settings, the different modes. Those variable options can extract different information from the 
same dataset (Fig. 4 video 2, video 3). 


11.02.2009 10:26:30 11.02.2008 10:26:30 
= 


Figure 4: Tomographic ultrasound imaging (TUI) of 12w5d normal fetus. The original volume was acquired with STIC on axial 
plane. Figure Ais labeled and figure b is the same but unlabeled. Parallel axial planes of the chest allows whole the axial 2D 
images that are needed for routine cardiac examination. A=aorta; PV=pulmonic valve; SVC=superior vena cava; D=ductus 
arteriosus; T=trachea; [VS=interventricular septum; TV=tricuspid valve; LV=left ventricle; MV=mitral valve; RA-right atrium; 
LA=left atrium; RV=right ventricle; [VC=inferior vena cava; Ao=descending aorta; S=stomach. 


Multiplanar Reconstruction and Volume Rendering 
In multiplanar reconstruction the screen is divided into four frames, referred to as A (the plane seen at the 2D ultrasound), 


B (the coronal plane) and C (the sagital plane); the fourth frame shows the rendered image (Fig. 5, 6,7 video 4). 


15.06.2009 22:31:16 


Figure 5: 12w3d Normal fetus. The volume was acquired at the level of 4CV in grey scale. Plane A is 2D image of the axial plane of the 
chest, demonstrate the right ventricle (RV), left ventricle (LV), descending aorta (Ao). Plane B is the calculating plane of the transverse 
chest view. The ROI (region of interest) dot is on the ascending aorta in all three planes. The descending aorta is clearly visualized in 
plane B. Plane C demonstrate the aortic, mitral and tricuspid valves. D is the render mode of Plane A. 
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11.02.2003 10:26:30 11.02.2003 10:26:30 


Figure 6: The same volume as in figure 5. Render mode with 30% surface and 70% gradient light mode demonstrating the 4CV. Figure 
5a is labeled and 5b is not. [VS=interventricular septum; LV=left ventricle; RV=right ventricle; RA-right atrium; LA=left atrium; 


15.06.2009 22:31:16 15.06.2009 22:31:16 


Diastole 


Figure 7: Same volume as figure 5. 3D Render of the atrioventricular valves. Figure a the valves are opened. In Figure b the 
valves are closed 


From a good STIC acquisition the operator can scroll through the acquired volume to obtain sequentially each of the 
classic five axial planes of fetal echocardiography, and any plane may be viewed at any time-point throughout the 
reconstructed cardiac cycle loop. The cycle can be run or stopped frame-by-frame to allow examination of all phases 
of the cardiac cycle (video 5). 


Visualization of the intraventricular septum, for example, is possible with the A-frame showing a good four- 
chamber view, and the bounding box tightly placed around the interventricular septum. The rendered image will 
show the view of the septum. The operator can determine whether the plane will be displayed from the left or right. 
Gindes et al demonstrated that the use of render mode with minimal transparency resulted in clearer demonstration 
of abnormal organs and vessels positions in situs abnormalities [21] (Fig. 8). 


Figure 8: The minimal mode rendering allows imaging of hipoechoic structures. In figure a normal situs is demonstrated in fetus of 14 
weeks gestation. In figure b another 14 weeks fetus with situs inversus is demonstrated. The heart is on the left side but the stomach is on 
the right. The gallbladder in on the left and there is persistent right umbilical vein. S=stomach; GB=gallbladder; UV=umbilical vein. 
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Tomographic Ultrasound Imaging (TUD or Multislice Imaging 


Multislice analysis (such as TUTI) in which parallel slices are displayed simultaneously from the plane of interest (the 
‘zero’ plane), giving sequential views. The number of slices and their thickness, i.e. the distance between one plane 
and the next, can be adjusted by the operator. The upper left frame of the display shows the position of each plane 
within the region of interest, relative to the reference plane. This application has the advantage of displaying 
sequential parallel planes simultaneously, giving a more complete picture of the fetal heart. The arches and outflow 
tract anomalies are best visualized with Render mode and TUI [21] (Figs. 3, 4). 


Color Doppler may be added to detect the flow through the cardiac cycle (video 6, video 7 , video 8, video 9, video 10). 


Inversion Mode 


Inversion mode analyzes the echogenicity of tissue (white) and fluid-filled areas (black) in a volume and inverts 
their presentation, i.e. fluid-filled spaces such as the cardiac chambers appear white, while the myocardium 
disappears. In fetal echocardiography it can be applied to create ‘digital casts’ of the cardiac chambers and vessels, 
and to reconstruct extracardiac vascular tree. Inversion mode shows the stomach and gall bladder as white 
structures, which can aid the operator in navigating within a complex anomaly scan. 


B-Flow 


B-flow modality is a direct volume non-gated scanning method able to show blood flow in the heart and great vessels 
in real-time, without color Doppler flow information [16] (video 11). The resulting image is a live gray-scale depiction 
of the blood flow and part of the surrounding lumen. The combination of B-flow with STIC along with the creation of a 
render image allows very sensitive demonstration of blood vessels and heart chambers (Figs. 9-12 video 12). 


Figure 9: B-flow demonstration of the heart at 10.2 weeks. 


Figure 10: B-flow demonstration of the outflow tracts at 13 weeks. 
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Figure 11: Demonstration of the outflow tract at 14 weeks. This volume was acquired with B-mode grey scale, but the transducer 
received the beam of the blood flow. A is the 2D image and B is the volume of the same image. The blood vessels are much more 
bolt in the volume. Ao=aorta; PA=pulmonary artery. 


Figure 12: B-flow of the outflow tracts at 14 weeks. 23a presents the render mode. Ao=aorta, PA=pulmonary artery. 


Gindes et al demonstrated that inversion mode and B-flow were most informative for detecting arches anomalies. 
Systemic veins were best shown with B-flow [21]. 


The 3D-4D ultrasound volume presentation tools and their contribution to the diagnosis of fetal cardiac anomalies 
are presented in Table 3. 


Table 3: 3D-4D ultrasound volume presentation tools and their contribution to the diagnosis of fetal cardiac anomalies. 


Situs 2 cera Arches Vein 
multiplanar + + + + + 
render + ++ ++ ++ + 
TUI + ++ ++ ++ + 


The comparison of the different 3D-4D rendering modes in demonstration cardiac malformations is demonstrated in 
Table 4. 
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Table 4: Comparison of the different 3D-4D rendering modes in demonstration cardiac malformations. 


Situs 4 C view Outilow Arches Vein 
tract 
Minimal mode ++ z + fs + 
Surface mode and Gradient light - + + + ý 
Inversiom mode - + ++ ++ + 
Glass body = ++ + + 
Color - + + + 
B-Flow z + Fi 44 


APPROACH TO EARLY 3D/4D FETAL ECHOCARDIOGRAPHY [12-14, 19, 22]: 


The most basic approach for the examination of a volume dataset of the fetal heart acquired with STIC is to scroll 
through the volume from top to bottom along the original plane of acquisition. This approach allows the examiner to 
determine quickly the relationship between the apex of the heart and stomach, and to evaluate the four-chamber 
view, and, in most cases, the five-chamber and three-vessel views [23, 24]. 


If the examiner wants to review the aortic and ductal arches, or the venous return to the heart, datasets are best 
acquired using sagittal sweeps through the fetal thorax. These images can be generated by acquiring volume datasets 
with color Doppler, power Doppler or B-flow imaging, as well as by rendering gray-scale volume datasets with 
inversion mode. 


One of the advantages of the STIC acquisition in the first trimester is the possibility to gain the volume of the entire 
fetus, resulting in better tracing of the blood vessels. Performed properly, this methodology will provide the 
examiner with all the necessary planes to conform to the guidelines [7]. A pitfall of this technique is that the heart is 
small (about 3mm at 12 weeks’ gestation), making the observation of small details meticulous. 


TIPS FOR BETTER VOLUME ACQUISITION [22, 25]: 


e The ideal fetal position is one in which the fetus is lying on its back. 


e Selection of a region of interest (ROI) as narrow as possible maximizes the frame rate during acquisition 
and improves the temporal resolution of the volume dataset. 


e Because of the small size of the fetal heart at the first trimester a relatively narrow acquisition angle can be 
used. For first and second-trimester fetuses, acquisition angles of between 20° and 25° are usually sufficient 
to include the stomach, the heart, and the great vessels in the volume dataset. 


e The longer the acquisition time, the higher the spatial resolution of the volume dataset. However, for highly 
active fetuses, faster acquisition time is needed, at the expense of optimal spatial resolution. 


e 3D acquisition is preferred in order to obtain higher resolution of the blood vessels. 


CARDIAC ANOMALIES THAT CAN BE DETECTED AT THE FIRST TRIMESTER OF PREGNANCY 
[5, 13, 24, 26-28]. 


The cardiovascular system begins to mature in the 3™ embryonic week, as the heart is a tubular structure. Formation 
of the septae, and arterial and venous connections are completed only after 8 weeks gestation. A complete four 
chambers view may be seen at 10 weeks' gestation [29]. The literature demonstrates that it is possible to perform 
first trimester echocardiography in both low and high risk population and detect many cardiac anomalies, with 
higher detection rate from 12 weeks’ gestation [4, 5,30, 31]. 


At the level of 4CV (four chamber view) early detection of ventricular septal defects (VSD), atrial septal defects 
(ASD), atrioventricular septal defects (AVSD) and tricuspid regurgitation, hypoplastic left heart and truncus 
arteriosus is possible [5, 13]. At the level of the outflow tract detection of transposition of the great arteries, right 
and double aortic arch is feasible [5, 26]. Achiron et al also demonstrated anomalies in the fetal central veins and 
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umbilico-portal system including absence of ductus venosus and total anomalous pulmonary venous connection and 
interrupted inferior vena cava with azygus continuation [27]. In a recent study this group reported on evaluation of 
thoracic anomalies with 3D and 4D ultrasound, including abnormal situs, diaphragmatic hernia, and lung dysplasia 
as early as 14 weeks [28]. 


Table 2 summarizes the cardiac anomalies that can be diagnosed on early echocardiography. According to the 
literature and in our experience we recommend that full examination of the fetal heart starts at 14 weeks’ gestation 
as a routine. In some cases echocardiography may begin as early as 12 gestational weeks. 


EXAMPLES: 
Atrioventricular Septal Defect (AVSD): 


STIC acquisition with color Doppler demonstrates AVSD. Partial defects may be difficult to diagnose (video 13). 


Hypoplastic Left Heart: 


Color Doppler used in the four-chamber view demonstrates blood flow through the right side of the heart in 
comparison to the hypoplastic left heart (Fig. 13). 


Figure 13: Render mode with Color Doppler demonstration of normal four chamber view (A) and hypoplastic left heart at 14 
weeks (B). 
Anomalies in the Venous System 


3D color Doppler reconstruction may demonstrate anomalies of the venous system such as absence of the ductus 
venosus (Figs. 14-15). 


Figure 14: Render mode with Color Doppler demonstration of normal blood vessels (A) and absence of ductus venosus at 11+6 
weeks (B). 


The 3D reconstruction of the fetal venous system was described in detailed by Gindes et al [44]. 
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RIC 5-9/Obstetric RAB 43L/0B 
1.91 4.6cm /17H2 1.917 .6cm f 8H2 


Inominate A. 


Figure 15: Render mode with Color Doppler demonstration of normal blood vessels (A) and right persistent umbilical vein (B). 
Ao=aorta, Da=ductus arteriosus, hv=hepatic veins, IVC=inferior vena cava, Uv=umbilical vein, Ua=umbilical artery, 
Pv=pulmonary vein, Dao=descending aorta, Dv=ductus venosum. 


LIMITATIONS OF EARLY FIRST TRIMESTER 3D/4D ECHOCARDIOGRAPHY [26,27]: 


Imaging of the fetal heart in the first trimester of pregnancy is technically more demanding than in mid-gestation because 
of the relatively smaller size of the fetus and cardiac structures (the semilunar valves are about 1.2mm at 13 weeks). 


Advances in ultrasound technology have led to improved visualization of the fetus in the first trimester (high 
frequency transducers 6-12 MHz, better resolution), yet, special orientation compared with transabdominal 
sonography is more limited. The exploration is more time-consuming and requires a high level of training of the 
examiner. Furthermore, in some CHD there are later manifestations of structural and functional changes. 


3D/4D fetal echocardiography scanning is prone to artifacts similar to those encountered in 2D ultrasonography 
(resolution, propagation and attenuation artifacts), and some that are specific to 3D/4D acquisition and post- 
processing [16, 25]: 


1. Movement artifacts: The quality of a STIC acquisition may be adversely affected by fetal body or breathing 
movements as well as by maternal movements. Quality is improved by scanning with the fetus in a quiet 
state, and using the shortest scan time possible. When reviewing a STIC acquisition, the B-frame will 
reveal artifacts introduced by fetal breathing movements. 


2. Acoustic shadows: Adjacent structures can produce shadows, but since the orientation has changed it may 
not be immediately obvious. The consequences for the rendered image may include producing defects in 
surfaces in which there are no defects. It is essential to review suspected defects with repeated 2D and 3D 
scanning to confirm their presence in additional scanning planes. One may think that at the first trimester 
the fetal bones are less calcified and thus allow demonstration of the heart from the back of the fetus, but 
this is not the case. Bones of young fetuses do create acoustic shadows making the optimal position to view 
the heart with fetus lying with the back down. 


3. Small render box artifacts: Limiting the region-of-interest may result in missing important structures from 
the rendered image. The render box should include some of the chest structures for orientation. 


4. Flow direction interpretation: Rotation of the volume with Doppler directional flow information can be 
misleading: if the directions are reversed, flow data can be misinterpreted. The operator must confirm any 
suspected pathological flow patterns by confirming the original direction of scanning, whether flow was 
toward or away from the transducer during the acquisition scan. 
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SAFETY OF FIRST TRIMESTER 3D/4D ECHOCARDIOGRAPHY (6,7,32)? 


The use of ultrasound as a diagnostic tool in obstetrics may have biological effects on living tissues. Therefore, 
safety considerations should to be taken into account in order to ensure that first trimester 3D/4D echocardiography 
remains harmless. Grayscale ultrasound is unlikely hazardous to the fetus because of low thermal index. However, 
the use of Doppler ultrasound may increase that temperature above 1.5°C. The European Federation for Societies in 
Medicine and Biology in 1998 concluded that Doppler should be carried out with careful control. 


The mechanical index is probably nonexistent because it indicates the potential of the ultrasound to induce tissue 
cavitation, which involves the occurrence of gaseous bubble formation in an air-water interface (such as lungs and 
bowel). Fetal lungs and bowel do not contain gas, making the mechanical risk absent [6, 7, 32]. 


Sheiner et al performed 40 examinations consisting of 2D, 3D and 4D ultrasounds. They found that the mean 
thermal index during the 3D and 4D examinations were comparable with the thermal index during B-mode 
scanning. The mean mechanical index during the 3D volume acquisition was significantly lower than that in the B- 
mode [33]. 


The American Institute of Ultrasound in Medicine, the International Society for Ultrasound in Obstetrics and 
Gynecology and the World Federation for Ultrasound in Medicine and Biology summarized that 3D sonography did 
not present more risk than native B-mode imaging [34-36]. Since 3D/4D echocardiography has the ability to shorten 
the total time of echocardiography in high-risk patients, the ALARA principle is kept: as low as reasonably 
achievable, i.e. perform the scan for the shortest time possible and with the lowest output possible to permit 
adequate diagnostic acuity [37]. For flow investigation it is possible to combine the B-flow technique with the STIC. 
The B-flow has the same TI and MI as the B-mode and it is a non Doppler technique. 


In summary, the prenatal detection of fetal heart defects remains challenging. The goal of prenatal echocardiography 
is to visualized structural and functional anomalies of the fetal heart and great vessels, to optimize diagnostic 
accuracy and to provide images that will aid both management teams and parents in the understanding of the nature 
of anomalies. With the technological improvement we can detect part of the cardiac anomalies as early as the first 
trimester. The application of first trimester 3D/4D ultrasound improves the visualization of both normal and 
anomalous anatomy and function and offers clearer and better images. Early 3D/4D echocardiography is possible, 
and should be recommended to high-risk patients as part of the routine sonographic follow-up of their pregnancies. 
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Assessment of Cardiac Geometry and Stroke Volumes by 4D Fetal 
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Abstract: Accurate and reliable methods to assess fetal cardiac function would be useful in evaluating fetuses 
with cardiac disease (structural or otherwise). Traditionally, two-dimensional echocardiography has been used to 
estimate fetal ventricular volume, and assess cardiac function. However, the unique and complex geometry of the 
fetal ventricles makes analysis of cardiac function using this modality a challenge, and hence, the interest in using 
three- and four-dimensional ultrasound. Although theoretically appealing, three-dimensional echocardiography 
had to overcome several difficulties, including: gating, suboptimal image quality, and lack of real-time 
observation. Four-dimensional fetal echocardiography is a method to assess ventricular volume and cardiac 
function, and can overcome many of the pitfalls of conventional methods. Thus, this modality offers an important 
method for the assessment of fetal cardiac function. 


Key Words: 4D Ultrasound, Fetal Echocardiography, Cardiac Volumes, Stroke Volume. 
INTRODUCTION 


The cardiovascular system is the first to functionally develop in the human embryo (Esh-Broder UOG 2004) [1]. 
Fetal disease (structural congenital heart disease, or systemic disorders affecting the heart) may change the anatomy 
and physiology of the cardiac chambers. Examples include hydrops, diabetic cardiomyopathy, intrauterine growth 
restriction, and twin to twin transfusion syndrome. Therefore, quantifying ventricular volume and calculating 
cardiac function parameters (e.g. stroke volume, cardiac output, ejection fraction, etc.) contributes to the evaluation 
of congenital heart disease (Figs. 1 and 2). 


Several methods to obtain ventricular volume measurements through four-dimensional (4D) echocardiography and 
STIC (Spatio-Temporal Image Correlation) are available. These methods allow calculation of stroke volume, cardiac 
output, and ejection fraction. We will review the methodology and normal values to assess cardiac function in this 
chapter. Additionally, we will briefly discuss the roles and limitations of two- and three-dimensional fetal 
echocardiography in estimating ventricular volumes. 


Figure 1: Multiplanar examination of a fetal heart showing the four-chamber view (A-plane) from a spatio-temporal image 
correlation (STIC) acquisition in a 24-week fetus at end-diastole. In this multiplanar reconstruction, the navigation point is placed 
in the right ventricle in the A-plane. The fetus has pulmonary atresia and a dysplastic tricuspid valve with severe regurgitation. 
The right atrium is severely enlarged, and the right ventricle is moderately/severely dilated. 
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Figure 2: Same fetus as Figure 1. Quantification of fetal right ventricular volume during end-diastole, using the VOCAL™ 
(Virtual Organ Computer-aided AnaLysis) tool and manual trace. The right ventricular end-diastolic volume (3.5 mL) is above 
the 95" centile for gestational age. 


FETAL VENTRICULAR VOLUME (TWO-DIMENSIONAL AND  THREE-DIMENSIONAL 
ECHOCARDIOGRAPHY) 


Traditionally, two-dimensional (2D) echocardiography has been used to estimate fetal ventricular volume; however, 
this technology has limitations. Simpson and Cook reported a prospective study of normal human fetuses 
(measurement of 32 different variables) to determine the repeatability of: 1) 2D ultrasound measurements in real-time 
B-mode; 2) M-mode; and 3) Doppler measurements (Simpson UOG 2002) [2]. The formula employed to estimate the 
left ventricular (LV) volume was the method of discs (Simpson’s rule), which divides this ventricle into 20 equal 
thickness discs, where each disc is assumed to be circular. The technique involves tracing the LV endocardial border at 
end-diastole and at end-systole. However, this formula can not be applied to the right ventricle (RV) due to its complex 
geometric shape. For M-mode measurements, all volumetric data were computed using the Teichholz formula 
(Teichholz AJC 1976) [3]. Simpson and Cook found that the repeatability of most echocardiographic measurements 
was poor, and this applied particularly to ventricular volumes and volume flow estimations (Simpson UOG 2002) [2]. 
Using Simpson’s rule, the coefficient of variation exceeded 10% in the estimation of both LV end-diastolic volume 
(13%) and stroke volume (14%). Moreover, inter-observer errors were consistently higher than intra-observer errors, 
suggesting that for sequential measurements, the same observer should conduct the assessment. Computing ventricular 
volumes using the Teichholz formula also did not appear to be very repeatable; the coefficient of variation was over 
30% for both the estimation of LV end-diastolic volume (32%) and stroke volume (36%). Observer errors reported in 
estimation of LV end-diastolic volume, stroke volume, and ejection fraction were lower for 2D techniques than for 
equivalent measurements made by M-mode echocardiography. 


The reasons for these limitations are several. First, Simpson’s rule is restricted to monoplanes and assumes a prolate 
(elongated) ellipsoid shape of the LV, with a ratio of long axis to short axis of 2:1 (Bhat Circulation 2004) [4]. 
However, this assumption may not apply to the developing fetal heart. Second, when using Simpson’s rule, it may 
be impossible to achieve two orthogonal planes of the ventricle, in the absence of reliable scanning plane landmarks 
(Esh-Broder UOG 2004) [1]. Third, quantitative echocardiographic methods perform poorly in distorted ventricles, 
in which standard geometric assumptions become tenuous (Wyatt AHJ 1980) [5]. Fourth, performing cross-sectional 
measurements of the ventricles assumes that the endocardium is smooth, which is not accurate (Sedmera Anat Rec 
2000) [6]. Finally, in the rapidly contracting fetal heart, it may be difficult to identify the precise points of end- 
diastolic and end-systolic frames. For these reasons, it is generally accepted that 2D echocardiography has some 
limitations in assessing fetal cardiac function (Simpson UOG 2002) [2] (Simpson Prenat Diagn 2004) [7]. 


It is generally agreed upon that three-dimensional (3D) volume quantitation is more accurate than 2D-derived 
methods, because it avoids geometric assumptions and magnification of small errors (inherent in the latter modality) 
(Bhat JUM 2004) [8]. We have shown that there are changes in cardiac geometry with advancing gestational age 
(Espinoza JUM 2007) [9]. Therefore, three-dimensional (3D) echocardiography has been utilized to evaluate cardiac 
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volume and function. However, some investigators have noted the assessment of ventricular volume and ejection 
fraction to be arduous, with processing of acquired data to be time-consuming (Esh-Broder UOG 2004) [1]. 
Levental et al. found that non-gated 3D volume acquisition of the fetal heart and the subsequent planar reformatting 
generated suboptimal image quality (Levental 1998 JUM) [10]. Moreover, the inability to observe the heart in real- 
time was a limitation. Other investigators have noted gating difficulties in using 3D echocardiography (Meyer- 
Wittkopf JUM 2001) [11]. Meyer-Wittkopf et al. found that both the quantitative 3D analysis and endocardial 
tracing were time-consuming and required considerable expertise (Meyer-Wittkopf JUM 2001) [11]. Therefore, the 
applicability and reproducibility of this technique might be limited in a clinical setting. Meyer-Wittkopf et al. also 
noted problems with the anatomic accuracy of tracing the endocardium, which can influence the accuracy of 
quantitative 3D echocardiography. Therefore, while 3D echocardiography can overcome some of the limitations of 
2D echocardiography, there are still challenges in utilizing this modality to evaluate fetal ventricular volume and 
cardiac function. 


Recently, a novel approach involving semi-automatic segmentation of fetal cardiac cavities to assess ventricular 
volume was presented (Tutschek and Sahn UOG 2008) [12]. Tutschek and Sahn retrospectively analyzed STIC 
cardiac volumes off-line using a commercially available segmentation algorithm designed for ovarian folliculometry 
(SonoAVC, or Sonography-based Automatic Volume Count). Individual “cavities” in a static volume were selected 
and assigned individual colors, and diameters and volumes were calculated. For two normal fetuses (21 and 29 
weeks of gestation), end-diastolic (0.45-1.35 mL) and end-systolic (0.20-0.57 mL) ventricular volumes were 
determined, and ejection fraction was calculated (49% and 58%). Tutschek and Sahn proposed that their technique 
was an important step towards an automated fetal volume echocardiogram. However, the authors acknowledged that 
because this technique required manual editing (introducing operator-dependency), it was not yet suited for routine 
fetal echocardiography, and its quantitative aspects still needed to be validated (Tutschek and Sahn UOG 2008) [12]. 


FETAL VENTRICULAR VOLUME (FOUR-DIMENSIONAL ECHOCARDIOGRAPHY) 


Four-dimensional (4D) fetal echocardiography minimizes the effect of several technical factors. When STIC 
datasets are acquired, examination times are dramatically reduced since acquisitions generally take no more than 
12.5 seconds to complete (Uittenbogaard UOG 2008) [13]. Moreover, when computing ventricular volumes, no 
geometric assumptions are made and measurements are not angle-dependent. This is important, because RV 
geometry in-utero differs from that of the LV. The RV is tripartite, and has inflow, apical, and outflow portions. 
Because of its complex shape, calculating RV volume is difficult and must be measured using non-geometric 
techniques (Huhta 2009) [14]. Several investigators have evaluated the utility of fetal cardiac datasets obtained with 
4D echocardiography in calculating cardiovascular parameters (Messing UOG 2007) [15] (Molina UOG 2008) [16] 
(Rizzo Prenat Diagn 2007) [17] (Uittenbogaard UOG 2009) [18]. 


Four-dimensional STIC is a novel approach to clinically assess the fetal heart (DeVore 2003 UOG) [19] (Gongalves 
2006 UOG) [20]. The technology uses a slow regular sweep of high line density 3D data, with the data realigned 
into its correct temporal domain in 3D space, to yield a 4D cine sequence (Bhat 2004 JUM) [8]. Therefore, it 
acquires a cardiac volume dataset and displays a cine loop of a complete single cardiac cycle in motion. The volume 
set can be manipulated both spatially and temporally. The principles used by the STIC algorithm to synchronize 
spatial and temporal information (3D images plus motion) in cardiac volume datasets are similar to the non-ECG 
motion Fourier analysis gating method proposed by Nelson et al. in 1996 (Nelson JUM 1996) [21]. STIC avoids the 
need for gated acquisition, making it ideal for fetal echocardiography. From the cine loop, a specific cardiac phase 
can be identified and analyzed by observing the opening and closing of the atrioventricular and semilunar valves. 
Because STIC captures end-diastolic and end-systolic time points in the cardiac cycle, it allows volume 
measurements at these specific points. From this, fetal cardiac parameters such as stroke volume and ejection 
fraction can be calculated. 


In 2004, Bhat et al. investigated the ability of 4D STIC to produce quantitatively accurate dynamic fetal heart 
images using an in vitro pulsatile balloon model and apparatus (Bhat 2004 JUM) [8]. Volume determination was 
undertaken to correspond to systolic and end-diastolic volumes within the inner balloon, as well as stroke volume. 
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Volume data was analyzed by customized radial summation techniques using 4D data analysis software, and was 
compared with known volumes (2.5 to 10 mL) and masses. 4D STIC was found to be feasible, practical, and an 
acceptably accurate method for volume and mass estimations in the ranges comparable with the mid- and late- 
gestation fetal heart. Good correlation was found between observed and actual systolic volumes (R? = 0.92), 
diastolic volumes (R? = 0.90), and stroke volumes (R° = 0.92), and there was good overall correlation across all 
volumes (R° = 0.91). However, there was a wider range of percentage error in the lowest volumes tested (2.5 mL), 
attributed to difficulties in spatial resolution or from distortions within the model apparatus itself. 4D STIC was 
found to be particularly accurate for diastolic estimations, and at volumes of greater than 2.5 mL. 


Using 4D fetal echocardiography and STIC, different methods have been used to obtain ventricular volume 
measurements (Messing UOG 2007) [15] (Molina UOG 2008) [16] (Rizzo Prenat Diagn 2007) [17] 
(Uittenbogaard UOG 2009) [18]. Messing et al. used inversion mode (Messing UOG 2007) [15], Rizzo et al. and 
Molina et al. used VOCAL™ (Virtual Organ Computer-aided AnaLysis) (Rizzo Prenat Diagn 2007) [17] (Molina 
UOG 2008) [16], and Uittenbogaard et al. used the 3D Slice method (Uittenbogaard UOG 2009) [18]. VOCAL™ 
is the most frequently used method to obtain volume measurements from 3D datasets. Inversion mode is a 
rendering algorithm which transforms echolucent structures into solid voxels, thus “inverting” their presentation. 
Thus, anechoic structures such as cardiac chambers, lumen of the great vessels, stomach, and bladder appear 
echogenic on the rendered image, while structures that are normally echogenic prior to gray-scale inversion (e.g. 
bones) become anechoic (Gongalves UOG 2004) [22]. By adjusting the thresholding level within the inversion 
mode, this allows fine-tuning to eliminate speckle within the volume. Messing et al. reported nomograms for fetal 
ventricular volume by using inversion mode and STIC (Messing UOG 2007) [15]. Inversion mode was used 
because it allowed superior demonstration of fluid-filled fetal anatomical structures and much better segmentation 
based on thresholding within the region of interest. VOCAL™ was then used to perform rotational measurements 
of the volume. By combining the VOCAL™ volume with inversion mode thresholding, only the fluid-filled 
portion of the ventricle was ultimately measured, and a new intraventricular model created (Fig. 3). 


Figure 3: Post-processing quantification of right ventricular volume in end-diastole. (A) The VOCAL™ trace (drawn including 
the myocardium) in the A frame at the level of the four-chamber view; (B) the same frame with the inversion mode activated; (C) 
the three-dimensional model created by the VOCAL™ tool, which includes the entire traced volume; and (D) the final 
intraventricular volume model based only on the fluid-filled portion of the ventricle. 


In this cross-sectional study of 100 normal fetuses (20.5-40 weeks of gestation), nomograms were created for 
right end diastolic volume (EDV), right end systolic volume (ESV), left EDV, left ESV, and total stroke volume 
vs. gestational age and estimated fetal weight. Table 1 shows various fetal cardiac parameters and their mean 
volumes (95% CI) (cm3) at midgestation, and at term. 


Fetal cardiac parameters and their mean volumes (95% CI) (cm) at midgestation and term, as determined by 4D 
sonography (STIC combined with inversion mode). 
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Table 1 
Fetal cardiac parameter Mean volume (95% CI) (cm?) 
Midgestation Term 
LEDV 0.53 (0.39-0.66) 3.96(3.41-4.51) 
LESV 0.17 (0.12-0.22) 1.56 (1.2-1.8) 
REDV 0.68 (0.56-0.79) 5.44 (4.69-6.18) 
RESV 0.26 (0.19-0.31) 2.29 (1.88-2.71) 


LEDV, left end-diastolic volume; LESV, left end-systolic volume; REDV, right end-diastolic volume; RESV, 
right end-systolic volumeTable based upon the report from Messing et al. UOG 2007 [15] 


The mean right EDV:left EDV ratio was 1.4 (95% CI: 1.3-1.5), and was relatively stable throughout pregnancy. 
The EDV and ESV of both ventricles were found to correlate strongly with gestational age and average estimated 
fetal weight; however, the correlation was slightly stronger with estimated fetal weight (Messing UOG 2007) 
[15]. Messing et al. also observed similarity between their data for near-term infants, and those derived from 
neonatal echocardiographic studies. Volume measurements were both reliable and reproducible (inter- and 
intraobserver variations <10% and <5%, respectively). 


In 2008, Molina et al. established cross-sectional reference intervals (12-34 weeks of gestation) for fetal heart 
stroke volume and cardiac output in 140 normal singleton pregnancies (Molina UOG 2008) [16]. This was 
accomplished by initially measuring ventricular volumes (systole and diastole) using 4D STIC and the VOCAL™ 
technique (Fig. 4), and demonstrated its feasibility. 


Diastole : Systole C. Diastole D. Systole 


Figure 4: Three-dimensional ultrasound images of the left ventricle in diastole (A) and systole (B), and the cardiac volumes 
obtained from them using VOCAL™ (Virtual Organ Computer-aided AnaLysis) (C and D, respectively). 


Factors that could affect the acquisition of 4D volumes included maternal obesity and breathing movements, fetal 
movements, and fetal position. Advantages of the VOCAL™ technique included: 1) when drawing the contours 
of the ventricle, the entire ventricle is visualized simultaneously in all planes; and 2) after the initial calculation of 
ventricular volume, it is possible to modify the contour in each plane. However, various limitations were noted 
when using the VOCAL™ technique: 1) its reproducibility in the first trimester was poor, due to small ventricular 
volume; 2) in the third trimester, factors obscured the accurate definition of the limits of the ventricles (fetal 
spine-up position, fetal breathing movements, shadows from ossified ribs); and 3) with advancing gestation, the 
anatomic accuracy of endocardial tracing became progressively worse because the myocardium and 
atrioventricular septa appear thicker, and have lower resolution in the orthogonal plane (vs. original data 
acquisition) (Molina UOG 2008) [16]. This finding may be related to spatial volume artifacts, slower frame rates, 
or erroneous rendering algorithms, as described by others (Meyer-Wittkopf JUM 2001) [11]. 


Uittenbogaard et al. performed a prospective, longitudinal study (12-30 weeks of gestation) using 4D STIC to 
provide reference values for left and right ventricular volumes, and cardiac function indices (stroke volume, 
ejection fraction, cardiac output) (Uittenbogaard UOG 2009) [18]. The relationships of ventricular volume and 
cardiac function indices with gestational age and estimated fetal weight were also determined. All volumetric data 
were obtained using the 3D Slice method (Fig. 5), which is based on Simpson’s rule. Multiple slices of the four- 
chamber view were manually traced, and the areas multiplied by the slice thickness and summed (Uittenbogaard 
UOG 2009) [18]. 


164 Four Dimensional Fetal Echocardiography Yeo et al. 


Figure 5: Compilation of images 1 mm apart obtained by multiplanar imaging of a spatiotemporal image correlation volume (3D 
Slice method) frozen in end-diastole. The outlines of the right ventricle have been traced as indicated by a thin green line. The 
figure demonstrates the complex geometric shape of the right ventricle. Reproduced with permission from Uittenbogaard et al. 
UOG 2009 [18] 


From 63 fetuses, 202 STIC volumes were included in the analysis. Volumes were acquired longitudinally from 12 weeks 
of gestation onwards (with an interval of 3-4 weeks), as long as high-quality acquisition was possible. Volumes were 
acquired from 12-30 weeks of gestation only, because beyond 29 weeks of gestation, the failure rate of STIC acquisition 
increased remarkably. There were only three technically acceptable STIC volumes beyond 30 weeks of gestation. Tables 2 
and 3 show the mean, 5", and 95" centiles of left and right systolic and diastolic ventricular volumes in relation to 
gestational age. The RV/LV ratio remained constant at around 1.12, for both end-systole and end-diastole. 


Table 2: Mean, 5", and 95" centiles of left systolic and diastolic ventricle volumes in relation to gestational age 


Left ventricle ESV (mL) Left ventricle EDV (mL) 
Gestational Age Mean 5th 95" Mean 5th 95" 
(weeks) 
12 0.03 0.02 0.04 0.04 0.03 0.06 
13 0.04 0.03 0.05 0.07 0.05 0.09 
14 0.06 0.04 0.08 0.10 0.07 0.13 
15 0.08 0.04 0.13 0.15 0.09 0.20 
16 0.12 0.05 0.18 0.21 0.12 0.30 
17 0.16 0.07 0.26 0.30 0.17 0.43 
18 0.22 0.09 0.35 0.41 0.23 0.59 
19 0.29 0.12 0.45 0.55 0.31 0.78 


20 0.37 0.16 0.58 0.72 0.42 1.02 
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Table 2: cont... 


21 0.48 0.21 0.74 0.93 0.55 1.30 
22 0.60 0.28 0.91 1.17 0.71 1.62 
23 0.73 0.36 1.11 1.44 0.89 1.98 
24 0.89 0.45 1.33 1.73 1.08 2.37 
25 1.06 0.55 1.57 2.03 1.28 2.79 
26 1.24 0.66 1.82 2.34 1.47 3.21 
27 1.43 0.76 2.09 2.63 1.64 3.62 
28 1.61 0.87 2.35 2.89 1.77 4.02 
29 1.79 0.95 2.62 3.11 1.85 4.38 
30 1.95 1.02 2.88 3.27 1.86 4.69 


Data based on regression equations. 
EDV, end-diastolic volume; ESV, end-systolic volume 


Slightly modified and reproduced with permission from Uittenbogaard et al. UOG 2009 [18] 


Table 3: Mean, 5", and 95" centiles of right systolic and diastolic ventricle volumes in relation to gestational age. 


Right ventricle ESV (mL) Right ventricle EDV (mL) 
ceeds) Mean 5in 95 Mean ghh 95% 
12 0.03 0.02 0.03 0.05 0.03 0.06 
13 0.04 0.03 0.05 0.07 0.04 0.10 
14 0.06 0.04 0.08 0.11 0.06 0.15 
15 0.09 0.05 0.13 0.16 0.09 0.23 
16 0.13 0.07 0.18 0.23 0.13 0.34 
17 0.17 0.09 0.26 0.33 0.18 0.47 
18 0.20 0.12 0.35 0.45 0.26 0.64 
19 0.32 0.17 0.47 0.61 0.36 0.86 
20 0.41 0.22 0.60 0.80 0.49 1.11 
21 0.53 0.29 0.76 1.03 0.64 1.41 
22 0.66 0.37 0.95 1.29 0.83 1.75 
23 0.81 0.47 1.16 1.59 1.04 2.13 
24 0.98 0.57 1.38 1.90 1.26 2.54 
25 1.16 0.68 1.63 2.22 1.48 2.97 
26 1.34 0.80 1.88 2.54 1.69 3.39 
27 1.52 0.90 2.14 2.84 1.87 3.80 
28 1.69 0.99 2.39 3.09 2.00 4.18 
29 1.85 1.06 2.63 3.29 2.08 4.51 
30 1.98 1.10 2.85 3.43 2.07 4.78 


Data based on regression equations. EDV, end-diastolic volume; ESV, end-systolic volume Slightly modified and 
reproduced with permission from Uittenbogaard et al. UOG 2009 [18] 


Uittenbogaard et al. felt that the 3D Slice method was preferable and advantageous in obtaining volume measurements. 
From an in-vitro validation study using a balloon model (performed by the same group), the 3D Slice method was proven 
to be less time-consuming than the use of VOCAL™ or inversion mode. Moreover, manual adjustment of threshold 
settings when using inversion mode is operator dependent, and this is not the case in the 3D Slice method. Uittenbogaard 
et al. found significantly larger values for end-systolic and end-diastolic ventricular volume (compared to that of Messing 
et al.), and proposed that these differences could be explained by using inversion mode, since it is more dependent on B- 
mode gain, gray-scale curve, and dynamic range settings. (Uittenbogaard UOG 2009) [18]. 


Uittenbogaard et al. observed the following limitations in performing STIC acquisitions: 1) low image resolution at young 
gestational ages; 2) numerous acoustic shadows at advanced gestational ages; 3) high failure rate late in gestation; 4) 
abundant fetal movement; and 5) a persistent unfavorable fetal position (Uittenbogaard UOG 2009) [19]. 
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An important concept when performing quantitative measurements is the potential for measurement error, which can 
have important consequences when applied clinically. This concept applies to measuring fetal ventricular volumes 
as well. Repeatability of measurements refers to the variation in repeat measurements made on the same subject 
under identical conditions, while reproducibility refers to the variation in measurements made on a subject under 
changing conditions (National Institute of Standards and Technology) [23]. A comprehensive understanding of fetal 
ventricular volume repeatability is limited, because previous work has not included assessments of both agreement 
and reliability, as recommended by Bartlett and Frost (Bartlett UOG 2008) [24]. Moreover, the reproducibility of 
fetal ventricular volume measurements (obtained by STIC and VOCAL™) is a subject that requires further 
investigation. Therefore, our group recently quantified both repeatability and reproducibility in the calculation of 
fetal ventricular volumes (systole and diastole) obtained using the STIC and VOCAL™ technique (Hamill JUM 
2009) [25]. From the VOCAL™ application, the sub-feature “Contour Finder/Trace” was utilized (Figs. 6 and 7). 
This feature employs a sophisticated algorithm which helps to find the contour of the ventricle as the mouse is 
moved along the ventricular wall. 


Figure 6: Quantification of left ventricular volume in end-diastole. (A) The VOCAL™ trace (using sub-feature “Contour 
Finder/Trace”) in the A frame at the level of the four-chamber view; (B) the three-dimensional model created by the VOCAL™ 
tool, which includes the entire traced volume. 
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Figure 7: Selected VOCAL™ rotational steps utilizing “Contour Finder/Trace” for each ventricle in end systole and end diastole 
(A: Left ventricle in systole; B: Left ventricle in diastole; C: Right ventricle in systole; D: Right ventricle in diastole) at the level 
of the four chamber view (image 1: A, B, C, D) and the rendered image (image 2: A, B, C, D). Reproduced with permission from 
Hamill et al. JUM 2009 [25] 


Twenty-five normal pregnancies were evaluated for the following: 1) to compare the coefficient of variation (CV) in 
the calculation of ventricular volumes, when the number of rotational steps is varied from 15° to 30°; 2) to compare 
the CV in volume calculations between 3 methods of quantifying ventricular volumes from STIC and VOCAL™ 
(manual trace, inversion mode, and “Contour Finder/Trace’’); and 3) to determine repeatability (ventricular volumes 
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were measured twice by each of three observers). Reproducibility was assessed by obtaining two STIC datasets from 
each of 44 normal pregnancies; for each STIC dataset, 2 ventricular volume calculations were performed. 
Agreement and reliability were evaluated by computing CV and intraclass correlation (ICC), respectively, and the 
technique was considered repeatable if there was good agreement (CV < 10%), as well as good reliability (ICC > 
0.90). The technique was considered reproducible if there was a negligible difference (<1%) in agreement between 
datasets, as well as good reliability (ICC > 0.90). Measurement error introduced into STIC acquisitions was 
examined by constructing a Bland-Altman plot. 


The following results were observed: 1) ventricular volume calculations obtained with “Contour Finder/Trace” had 
better agreement (3.6%, 95% CI 3.0-4.2) than either inversion mode (6.0%, 95% CI 4.9-7.2; p < 0.001), or manual 
trace (10.5%, 95% CI 8.7-12.5; p < 0.001); 2) agreement in ventricular volume measurements using STIC and 
VOCAL™ (“Contour Finder/Trace’’) was better with 15° than 30° rotation (3.6%, 95% CI 3.0-4.2 vs. 7.1%, 95% CI 
5.8-8.6; p < 0.001) (an effect likely due to the complicated geometry of the fetal ventricles) 3) ventricular volume 
measurements were repeatable with good agreement (CV < 10%) and excellent reliability (ICC > 0.95) for both 
intra-observer and inter-observer measurements (Table 4); and 4) ventricular volume calculations were reproducible 
with a negligible difference in agreement (CV < 1%), and good reliability (ICC > 0.90) (Table 5). 


Table 4: Repeatability of ventricular volumes utilizing VOCAL™ with the sub-feature “Contour Finder/Trace” 


Observer 1 (n=25) Observer 2 (n=25) Observer 3 (n=25) 
2.8% (2.3 — 3.3) 3.6% (3.0 — 4.3) 6.3% (5.2 — 7.6) 
0.998 (0.996— 0.998) 0.996 (0.994— 0.997) 0.990 (0.985— 0.993) 
Inter-observer reliability“ 0.96 (0.94 — 0.97) 


*Agreement expressed as mean percent coefficient of variation (95% CI) “Reliability expressed as intraclass correlation (95% CI) Reproduced with permission from 
Hamill et al. JUM 2009 [25] 


Agreement* 
Intra-observer reliability” 


Table 5: Reproducibility of ventricular volumes utilizing VOCAL™ with the sub-feature “Contour Finder/Trace.” 


STIC Dataset A STIC Dataset B 
Agreement* 4.0% (3.5 -— 4.7) 3.8% (3.2 — 4.6)" 
Intra-observer reliability” 0.998 (0.997— 0.998) 0.997 (0.996 — 0.998) 


Inter-observer reliability” 0.94 (0.92 — 0.96) 


*Agreement expressed as mean percent coefficient of variation (95% Cl) ‘Paired t-test not significant (t = 0.47; p = ns)"Reliability expressed as intraclass correlation 
(95% CI) Reproduced with permission from Hamill et al. JUM 2009 [25] 


The Bland-Altman plot comparing the percent difference between volume calculations from each STIC acquisition 
indicated that minimal bias was introduced between acquisitions (<1%; mean percent difference -0.4%, 95% limits 
of agreement -5.4 — 5.9). Therefore, we found that fetal echocardiography using STIC and VOCAL™ allowed both 
repeatable and reproducible calculations of ventricular volumes, when using the sub-feature “Contour 
Finder/Trace” (Hamill JUM 2009) [25]. It is noteworthy that ventricular volume calculations obtained using 
VOCAL™ and manual trace achieved CVs greater than 10%, suggesting this may not be the most optimal method 
to quantify ventricular volumes. 


Obtaining fetal ventricular volume measurements using 4D STIC technology, however, is not without limitations. 
STIC produces a computer-generated cine loop of a single cardiac cycle that is an assemblage of 20 to 30 real 
cardiac cycles. It is possible that some degree of smoothing, or averaging of the ventricular borders could occur, 
introducing a degree of error into the calculations performed. STIC volume datasets may also be limited by acoustic 
shadowing (signal loss in the sound path secondary to echogenic structures), dropout (signal loss in the sound path 
without intervening structures), motion artifact, fetal positioning, and respirations. Moreover, regardless of the 
method used in conjunction with STIC to determine ventricular volumes, (e.g. inversion mode, VOCAL™, etc), 
there is still a significant learning curve and time commitment required to orient, process, and analyze the data. 


These factors have hindered the widespread adoption of multi-dimensional sonographic techniques. Nevertheless, 
we anticipate that this practice will change in the future as sonologists become more accustomed to these tools. 
Importantly, the use of 4D sonographic technology to obtain fetal ventricular volumes has advantages over 2D and 
3D sonography, and it has been demonstrated that ventricular volumes obtained through STIC and VOCAL™ 
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provide both repeatable and reproducible calculations. Therefore, the available literature supports the continued 
practice of this technique. Once ventricular volumes have been determined, cardiac function parameters (e.g. stroke 
volume, cardiac output, ejection fraction) can be subsequently calculated. 


FETAL STROKE VOLUME AND CARDIAC OUTPUT (USING TWO-DIMENSIONAL AND DOPPLER 
ECHOCARDIOGRAPHY) 


Cardiac output (CO) is the volume of blood that is pumped over a unit of time. The formula for calculating cardiac 
output is: stroke volume (SV) x heart rate. Traditionally, 2D and Doppler echocardiography have been used to 
calculate fetal SV and CO (Mielke Circulation 2001) [26]. SV is calculated by multiplying the time velocity integral 
(TVD of the Doppler tracing, with the flow cross-sectional area. TVI is the area measured under the Doppler 
velocity envelope for one heartbeat. The cross-sectional area is calculated from zd’/4, where d is the valve diameter. 
Therefore, the formulas for calculating SV and CO are: 


SV = TVI x nd7/4 
CO = SV x fetal heart rate 


Animal experimentation has demonstrated that Doppler echocardiography can be used to accurately quantify 
volumetric flow through the aortic and pulmonary valves (Stewart JACC 1985) [27]. However, it is important to 
consider methodological problems with this technique. Rizzo et al. assessed the agreement of fetal SV (measured 
with 2D and Doppler sonography) with 4D STIC sonography (Rizzo Prenat Diagn 2007) [17]. Both techniques were 
found to measure SV reliably and with good reproducibility. However, Rizzo et al. noted that the performance of 2D 
Doppler echocardiography was operator-dependent, and required various views of the fetal heart in order to measure 
Doppler velocity waveforms of the outflow tracts and valve diameter. Based on the formulas described above, errors 
in SV (and therefore, CO) may arise from inaccuracies in vessel diameter and Doppler recordings (Mielke 
Circulation 2001) [26]. Moreover, errors in measuring the TVI and valve area (even if small) will greatly influence 
volume flow measurements, particularly because the area of the valve is related to the square of the radius, thus 
accentuating any errors (Eik-Nes UMB 1984) [28]. Even by including just one vessel wall thickness (measuring 
vessel diameter from outer surface to inner surface), this will overestimate the diameter and consequently, the 
volume of blood flow. Indeed, vessel areas represent the most important source of error in flow calculations, and 
particularly in vessels with a small diameter, the error will be substantial (Mielke Circulation 2001) [26]. Simpson 
and Cook determined the repeatability of Doppler echocardiographic measurements in the human fetus (Simpson 
UOG 2002) [2]. They found that intra- and inter-observer errors were high for Doppler variables, such as vessel 
dimension, SV, and CO. For aortic Doppler measurements, the CV was greater than 10% for both the calculated SV 
(16%), and CO (16%). Performing Doppler echocardiography is also time-consuming, and requires both a favorable 
position of the fetus and an experienced sonologist. Therefore, these factors have limited its application in clinical 
practice, and measures of absolute volume flow using this modality have largely fallen out of favor. 


FETAL STROKE VOLUME, CARDIAC OUTPUT, EJECTION FRACTION (FOUR-DIMENSIONAL 
ECHOCARDIOGRAPHY) 


In adults and children, cardiac function is commonly expressed as SV and ejection fraction (EF). Both indices can 
be calculated from end-systolic and end-diastolic ventricular volumes. SV is the volume of blood pumped from one 
ventricle of the heart with each contraction, and SV applies equally to both ventricles. Its value is obtained by 
subtracting end-systolic volume (ESV) from end-diastolic volume (EDV) (or preload) for a given ventricle. Hence, 
the formula for calculating SV is: 


SV = EDV - ESV 


SV depends on various factors, such as heart size, contractility, duration of the contraction, preload, and afterload. 
The most commonly used index of LV function is the EF. This is the amount of blood pumped per contraction (SV), 
compared to the maximum left ventricular volume prior to contraction (EDV), and as the term states, it is calculated 
as a fraction. Even in healthy hearts, some blood always remains in the ventricles after each contraction. Therefore, 
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EF is the percentage of the blood within the ventricles that is ejected during systole, and is a measure of the 
effectiveness of the heart as a pump. EF is often used as a clinical index to evaluate the inotropic status of the heart. 
The formula for calculating EF is: 


EF = SV x 100% / EDV 


In the fetus, both ventricles pump blood to the systemic arterial circulation. Since pulmonary vascular resistance is 
higher in the fetus (vs. postnatally), most of the RV output enters the systemic arterial circulation via the ductus 
arteriosus. Because the pulmonary and systemic circulations are separate in fetal life, each ventricle has a SV which 
is determined by the preload, contractility, and afterload of that chamber. However, because of the large volume and 
pressure work required from the RV, it is a large contributor to the work output of the fetal heart (Huhta 2009) [14]. 
Indeed, it has been shown that the RV volume that is ejected is greater than that of the LV by echocardiography 
measurements throughout gestation (Chaoui Geburtshilfe Frauenheilkd 1995) [29]. Chaoui et al. found that the SV 
and CO of the RV had a higher ratio (1.3:1) than that of the LV, thus expressing RV dominance in the fetus (Chaoui 
Geburtshilfe Frauenheilkd 1995) [29]. This distribution of CO is maintained, in spite of significant changes in the 
pulmonary vascular resistance and flow between 20-37 weeks of gestation (Rasanen Circulation 1996) [30]. Further 
evidence that the RV performs more work than the LV is shown by data in fetal lambs, that measured the coronary 
blood flow of both ventricles (Thornburg AJP 1999) [31]. The RV coronary flow was found to be consistently one- 
third greater than that of the LV. 


Prior studies (not utilizing 4D echocardiography) that evaluated fetal SV, EF, or CO either: 1) could not overcome 
the limitations of differentiating ventricular volume from the myocardium (due to the non-uniform shape of the 
endocardium); or 2) relied on sophisticated and time-consuming mathematical calculations (Meyer-Wittkopf JUM 
2001 [11] Schmidt AJC 1995 [32] Mielke Circulation 2001) [26] that could not be applied in routine clinical 
settings. 


After first establishing ventricle volumetry (using 4D STIC and inversion mode) in fetuses ranging from 20.5-40 
gestational weeks, EF and SV were also calculated (Messing UOG 2007) [15]. Right, left, and total SV were found 
to correlate strongly with estimated fetal weight and gestational age: 1) total SV and EFW, r? = 0.809; and 2) total 
SV and gestational age, r° = 0.766. Left EF ranged from 42.5 to 86% in these fetuses. However, EF was found to 
have no correlation with estimated fetal weight or gestational age, but instead, remained fairly stable throughout 
gestation (Messing UOG 2007) [15]. 


Rizzo et al. assessed the agreement of fetal SV measured with 2D and Doppler sonography vs. 4D ultrasound with 
STIC (Rizzo Prenat Diagn 2007) [17]. Stroke volumes were cross-sectionally measured in a population of normal 
and growth-restricted fetuses (n=56) in the second half of pregnancy. The VOCAL™ technique was used to evaluate 
end-systolic and end-diastolic volumes of each ventricle, and the contour was traced manually (Figs. 8 and 9). 


Figure 8: Example of quantification of the fetal left ventricular volume during end-diastole, using the VOCAL™ (Virtual Organ 
Computer-aided AnaLysis) tool and manual trace. 
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Figure 9: Example of quantification of the fetal right ventricular volume during end-diastole, using the VOCAL™ (Virtual 
Organ Computer-aided AnaLysis) tool and manual trace. 


The SV from both ventricles was calculated by taking the difference between the end-diastolic and end-systolic 
volumes. Doppler velocity waveforms were recorded from the outflow tracts, and the aortic and pulmonary valve 
diameters were measured. Intraclass correlation was used to evaluate the agreement between left and right SV 
obtained by the two techniques, and proportionate Bland-Altman plots were constructed. The amount of time 
necessary to obtain SV using both techniques was also analyzed. 


For the left ventricle SV (measured by 4D STIC), intraobserver and interobserver correlation coefficients were 0.98 
(95% CI 0.92-0.99) and 0.95 (95% CI 0.88-0.97), respectively. For the right ventricle SV (measured by 4D STIC), 
intraobserver and interobserver correlation coefficients were 0.97 (95% CI 0.91-0.98) and 0.93 (95% CI 0.87-0.95), 
respectively. There was good agreement found between SV measured either by 2D Doppler or 4D STIC. The 
intraclass correlation coefficient between 2D Doppler and 4D STIC measurements were 0.977 (95% CI 0.963-0.986) 
and 0.980 (95% CI 0.968-0.988), for the LV and RV, respectively. The proportionate limits of agreement between 
the two methods were 18.7 to 23.9% and -20.9 to 21.7%, for the LV and RV, respectively. Importantly, the average 
time necessary to acquire a 4D STIC volume and analyze both left and right SV was 3.1 + 0.84 minutes, which was 
significantly lower than the time necessary to obtain the same measurements using 2D Doppler (7.9 + 2.3 minutes; 
p<0.0001). 


Rizzo et al. noted several advantages in using 4D STIC (vs. 2D Doppler): 1) SV can be measured by only obtaining 
the four-chamber view, and then automatically acquiring a cardiac volume dataset; 2) STIC avoids the “operator 
dependency” of the measurements necessary when using 2D Doppler, which also requires various cardiac views in 
order to measure valve diameter and Doppler velocity waveforms; and 3) it dramatically reduces the time necessary 
to measure SV. Therefore, 4D STIC was a simple and rapid technique to estimate fetal SV, and is likely to become 
the method of choice (Rizzo Prenat Diagn 2007) [17]. 


Molina et al. reported cross-sectional reference intervals (12-34 weeks of gestation) for fetal SV and CO in 140 
normal singleton pregnancies (Molina UOG 2008) [16]. This was accomplished by initially measuring ventricular 
volumes (systole and diastole) using 4D STIC and the VOCAL™ technique (30° rotation), and demonstrated its 
feasibility. In 50 cases, SV were measured by the same sonologist twice, and intraobserver agreement of 
measurements was calculated. Mean left and right SV and CO increased exponentially with gestation (Table 6). 


Table 6: Mean (5", 95" centiles) of left and right stroke volume and left and right cardiac output with gestation. 


Gestational | Left stroke Right stroke Left cardiac output Right cardiac output 
age(weeks) | volume (mL) volume (mL) (mL/min) (mL/min) 

12 0.02 (0.01, 0.03) 0.01 (0.01, 0.02) 2.39 (1.45, 3.92) 1.80 (1.01, 3.21) 

13 0.02 (0.02, 0.04) 0.02 (0.01, 0.03) 3.80 (2.31, 6.25) 3.15 (1.78, 5.58) 

14 0.04 (0.02, 0.06) 0.03 (0.02, 0.06) 5.86 (3.57, 9.64) 5.24 (2.98, 9.22) 

15 0.06 (0.04, 0.09) 0.05 (0.03, 0.09) 8.78 (5.34, 14.43) 8.33 (4.76, 14.56) 
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16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 


0.08 (0.05, 0.14) 
0.12 (0.07, 0.20) 
0.17 (0.10, 0.27) 
0.22 (0.14, 0.37) 
0.30 (0.18, 0.48) 
0.38 (0.23, 0.62) 
0.48 (0.29, 0.78) 
0.59 (0.36, 0.97) 
0.72 (0.44, 1.17) 
0.85 (0.52, 1.39) 
0.99 (0.61, 1.62) 
1.14 (0.69, 1.86) 
1.28 (0.79, 2.10) 
1.43 (0.88, 2.34) 
1.58 (0.96, 2.58) 
1.71 (1.05, 2.80) 
1.84 (1.13, 3.01) 
1.97 (1.20, 3.21) 
2.08 (1.27, 3.40) 


0.08 (0.05, 0.14) 
0.12 (0.07, 0.21) 
0.18 (0.10, 0.30) 
0.24 (0.14, 0.40) 
0.32 (0.19, 0.54) 
0.41 (0.24, 0.69) 
0.51 (0.31, 0.87) 
0.63 (0.37, 1.06) 
0.76 (0.45, 1.27) 
0.89 (0.53, 1.50) 
1.03 (0.61, 1.74) 
1.18 (0.70, 1.99) 
1.34 (0.79, 2.25) 
1.50 (0.89, 2.53) 
1.69 (1.00, 2.84) 
1.88 (1.12, 3.17) 
2.11 (1.25, 3.55) 
2.37 (1.41, 3.98) 
2.67 (1.59, 4.50) 


Reproduced with permission from Molina et al. UOG 2008 [16] 


12.75 (7.76, 20.97) 
18.02 (10.96, 29.62) 
24.78 (15.08, 40.73) 
33.22 (20.21, 54.60) 
43.45 (26.44, 71.42) 
55.54 (33.79, 91.28) 
69.44 (42.25, 114.13) 
85.04 (51.74, 139.77) 
102.12 (62.13, 167.85) 
120.41 (73.26, 197.91) 
139.58 (84.92, 229.41) 
159.24 (96.89, 261.73) 
179.04(108.93,294.26) 
198.61(120.84,326.43) 
217.65(132.42,357.72) 
235.91(143.53,387.73) 
253.21(154.06,416.18) 
269.48(163.96,442.91) 
284.70(173.22,467.93) 


12.68 (7.30, 22.02) 
18.54 (10.75, 31.98) 
26.10 (15.23, 44.72) 
35.48 (20.84, 60.41) 
46.72 (27.63, 79.02) 
59.75 (35.57, 100.38) 
74.42 (44.59, 124.19) 
90.52 (54.60, 150.06) 
107.83 (65.48, 177.59) 
126.16 (77.12, 206.40) 
145.38 (89.45, 236.27) 
165.46 (102.49, 267.13) 
186.51 (116.29, 299.13) 
208.82 (131.07, 332.69) 
232.86 (147.13, 368.55) 
259.37 (164.97, 407.79) 
289.36 (185.27, 451.93) 
324.25 (208.99, 503.08) 
365.98 (237.45, 564.09) 


Moreover, the ratio of right to left SV increased significantly with gestation, from about 0.97 (12 weeks) to 1.13 (34 
weeks). In the Bland-Altman plot, the mean percentage difference and 95% limits of intraobserver agreement for left 
SV and right SV were -2.1% (-18.4, 14.2) and -0.8% (-16.4, 18.0), respectively. 


It is noteworthy that right and left CO values from this study are smaller than those in prior reports, which estimated 
CO from either 2D sonographic assessment of ventricular dimensions or from cross-sectional area measurements 
and Doppler velocity waveforms of the outflow tracts (Table 7). 


Table 7: Fetal cardiac output in previous studies using two-dimensional ultrasound in comparison with the results of the present 
study. 


Left cardiac output (mL/min) Right E A 
Reference Method of measurement poeks weeks weeks weeks weeks weeks 
Mielke and Benda [26] Vessel area and TVI 20 125 380 30 175 575 
Allan et al. [33] Vessel area and TVI 33 127 409 44 171 547 
De Smedt et al. [34] AVV area and TVI 50 150 550 75 175 625 
Kenny et al. [35] Vessel area and TVI 83 167 400 116 226 518 
Veille et al. [36] M-mode echocardiography 48 142 362 55 166 433 
Schmidt et al. [32] Method of discs 23 102 367 34 133 423 
Molina et al. [16] 4D ultrasound and VOCAL 13 102 285 13 108 366 
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4D, four-dimensional; AVV, atrioventricular valve; TVI, time velocity integral; VOCAL, Virtual Organ Computer- 
aided AnaLysis Slightly modified and reproduced with permission from Molina et al. UOG 2008 [16] 


Molina et al. suggested that the results of the Doppler studies may be inaccurate, because fetal myocardium is 
greatly limited in its ability to contract when compared to the postnatal period; therefore, the Frank-Starling law (on 
which the Doppler technique relies) applies in a different manner (Molina UOG 2008) [16]. 


Molina et al. also point out that the findings of fetal CO are not comparable with postnatal Doppler study results 
because: 1) myocardial contractility is better and ventricular compliance greater in the neonatal period than in fetal 
life (Anderson 1990) [37] (Teitel 2003) [38]; and 2) in the first hours after birth (following closure of the ductus 
arteriosus and the foramen ovale), there is a decrease in CO. Indeed, Winberg et al. measured CO in normal 
newborns using Doppler sonography, and demonstrated a decrease from about 240 mL/min/kg (in the first 2 hours), 
to 190 mL/min/kg (at 24 hours) (Winberg ADC 1989) [39]. 


Uittenbogaard et al. performed a prospective, longitudinal study (12-30 weeks of gestation) using 4D STIC to 
provide reference values for left and right ventricular volumes and cardiac function indices (SV, CO, EF) 
(Uittenbogaard UOG 2009) [18]. Additionally, the relationships of cardiac function indices with gestational age and 
estimated fetal weight were determined. All volumetric data were obtained using the 3D Slice method (Fig. 5), 
which is based on Simpson’s rule. Table 8 shows the mean, 5", and 95" centiles of left and right ventricular SV in 
relation to gestational age. The mean right to left SV ratio showed right dominance, remaining fairly constant 
(around 1.2) throughout gestation. Bland-Altman analysis showed a coefficient of variation for measured SV of 
13.7% (intraobserver agreement). 


Table 8 Mean, 5", and 95" centiles of left and right ventricle stroke volume, in relation to gestational age 


Left ventricle SV (mL) Right ventricle SV (mL) 
Ec Mean 5th 95% Mean 5th 95 
12 0.02 0.00 0.03 0.02 0.00 0.04 
13 0.03 0.00 0.05 0.03 0.00 0.06 
14 0.04 0.01 0.07 0.04 0.00 0.08 
15 0.06 0.01 0.11 0.07 0.01 0.12 
16 0.09 0.02 0.15 0.10 0.02 0.18 
17 0.13 0.04 0.22 0.14 0.04 0.24 
18 0.18 0.06 0.29 0.20 0.08 0.33 
19 0.24 0.10 0.39 0.28 0.12 0.44 
20 0.33 0.15 0.51 0.37 0.18 0.56 
21 0.42 0.21 0.64 0.48 0.25 0.71 
22 0.54 0.28 0.80 0.61 0.34 0.88 
23 0.66 0.36 0.97 0.75 0.44 1.06 
24 0.80 0.45 1.15 0.90 0.54 1.26 
25 0.94 0.53 1.34 1.04 0.63 1.45 
26 1.07 0.61 1.54 1.18 0.71 1.64 
27 1.19 0.67 1.72 1.30 0.77 1.82 
28 1.30 0.71 1.88 1.39 0.80 1.97 
29 1.37 0.71 2.03 1.44 0.79 2.09 
30 1.41 0.68 2.14 1.46 0.74 2.18 


Data based on regression equations. SV, stroke volume. Slightly modified and reproduced with permission from Uittenbogaard et al. UOG 2009 [18] 


Table 9 compares the results of combined SV determined from this study to that of prior studies, which used either 
2D sonography and Doppler or 4D sonographic techniques, demonstrating varying results (Allan BHJ 1987) [33] 
(Kenny Circulation 1986) [35] (Rasanen Circulation 1996) [30] (Mielke Circulation 2001) [26] (Messing UOG 
2007) [15] (Molina UOG 2008) [16] Uittenbogaard UOG 2009) [18]. Regardless of the method used, all studies 
using 4D echocardiography reported relatively small SV values, as compared with the larger values found in studies 
that used 2D sonography and Doppler (Table 9). 
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Table 9 Combined left and right stroke volumes in previous studies using both two-dimensional and four-dimensional ultrasound 
imaging in comparison with the results of the present study 


Reference Method of measurement 20 weeks 24 weeks 30 weeks 
Allan et al. (1987) [33] Vessel area and TVI 1.16 2.13 4.49 
Kenny et al. (1986) [35] Vessel area and TVI 1.93 2.74 4.63 
Rasanen et al. (1996) [30] Vessel area and TVI 1.18 2.89 6.28 
Mielke and Benda (2001) [26] Vessel area ansd TVI 0.85* 2.06* 4.56* 
Messing et al. (2007) [15] STIC and inversion mode 0.41 1.26 2.95 
Molina et al. (2008) [16] STIC and VOCAL 0.55 1.27 2.69 
Uittenbogaard et al. (2009) 18] STIC and 3D Slice Method 0.72 1.72 2.63 


*Obtained from figures. 3D, three dimensional; STIC, spatiotemporal image correlation; TVI, time velocity integral; VOCAL, Virtual Organ Computer-aided 
AnaLysis. “Slightly modified and reproduced with permission from Uittenbogaa 


Uittenbogaard et al. suggested that this could be due to: 1) inaccuracies in Doppler calculations based on prenatal 
and postnatal differences in myocardial contractility (Molina UOG 2008 [16]; and 2) errors in measurement of the 
vessel cross-sectional area in Doppler studies, where the lumen is assumed to be round but instead, could be slightly 
oval. Therefore, Uittenbogaard et al. has proposed that the Doppler studies may have been erroneous, and led to 
overestimation of fetal SV (and subsequently CO) (Uittenbogaard UOG 2009) [18]. Since 4D echocardiographic 
estimations avoid geometric assumptions and are less susceptible to measurement errors, these results may provide a 
more accurate reflection of fetal cardiac volumes and function. 


Table 10 shows the mean, 5", and 95" centiles of left and right CO in relation to gestational age. To calculate left 
and right CO, SVs were multiplied by the fetal heart rate, as recorded within each STIC volume. The mean left CO 
increased from 2.40 (95% CI, 0.63-4.18) mL/min at 12 weeks, to 197.74 (95% CI, 98.40-297.08) mL/min at 30 
weeks. The mean right CO increased from 2.60 (95% CI, 0.00-5.22) mL/min at 12 weeks to 204.81 (95% CI, 
105.01-304.61) mL/min at 30 weeks. 


Table 10: Mean, 5", and 95" centiles of left and right cardiac output, in relation to gestational age. 


Left cardiac output (mL/min) Right cardiac output (mL/min) 
pega: Mean 5th 95% Mean 5th 95 
12 2.40 0.63 4.18 2.60 0.00 5.22 
13 3.81 0.78 6.83 4.17 0.17 8.16 
14 5.88 1.10 10.65 6.51 0.67 12.34 
15 8.84 1.84 15.85 9.88 1.73 18.04 
16 12.98 3.25 22.71 14.61 3.67 25.56 
17 18.58 5.64 31.52 21.03 6.82 35.24 
18 25.93 9.28 42.58 29.46 11.51 47.41 
19 35.29 14.45 56.13 40.18 18.01 62.34 
20 46.82 21.29 72.34 53.32 26.47 80.18 
21 60.58 29.88 91.28 68.89 36.87 100.90 
22 76.42 40.06 112.79 86.62 48.97 124.27 
23 94.01 51.49 136.53 106.02 62.26 149.78 
24 112.77 63.60 161.94 126.31 75.96 176.65 
25 131.90 75.59 188.20 146.47 89.07 203.87 
26 150.43 86.50 214.36 165.32 100.38 230.25 
27 167.28 95.24 239.33 181.62 108.68 254.56 
28 181.40 100.74 262.05 194.22 112.80 275.64 
29 191.80 102.05 281.55 202.16 111.78 292.53 
30 197.74 98.40 297.08 204.81 105.01 304.61 


Data based on regression equations. CO, cardiac output. 
Slightly modified and reproduced with permission from Uittenbogaard et al. UOG 2009 [18] 


Mean left and right ventricular EF remained constant with advancing gestational age. The mean left ventricle EF was 0.45 (95% CI, 0.23-0.67), and the mean right 
ventricle EF was 0.46 (95% CI 0.26-0.66). 
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Recently, *our group determined fetal CO from datasets acquired with 4D echocardiography, using STIC and 
VOCAL™ technology. From VOCAL™, the sub-feature “Contour Finder/Trace” was utilized, which employs a 
sophisticated algorithm that helps to find the contour of the ventricle as the mouse is moved along the ventricular 
wall. There were 102 fetuses evaluated cross-sectionally between 19-39 weeks of gestation, and results were 
grouped according to gestational age quartiles (19-24, 25-28, 29-32, and 33-39 weeks). Ventricular volumes were 
determined from both ventricles in systole and diastole. Left and right ventricular SV were calculated, and then used 
to compute CO (ml/min). CO was also expressed as a function of estimated fetal weight (ml/min/kg) (Table 11). 


Table 11: Mean (+ SD) left and right cardiac output (also expressed as a function of estimated fetal weight) in relation to 
gestational age 


Gestational age Left ventricle CO Left ventricle CO Right ventricle CO Right ventricle CO 
(weeks) (ml/min) (ml/min/kg) (ml/min) (ml/min/kg) 
19-24 (n=26) 47 +12 98 +21 46+ 11 96+ 19 
25-28 (n=26) 81 +22 89 + 25 97 + 16 96 +16 
29-32 (n=26) 133 + 28 8917 126 + 35 84 +422 
33-39 (n=25) 210+ 39 85 + 16 236+41 95+ 14 
*Oral communication abstract OC004. Hamill N, Romero R, Myers SA, et al. Fetal cardiac output determination by four-dimensional fetal echocardiography using 


spatiotemporal image correlation (STIC) and VOCAL™. Ultrasound Obstet Gynecol 2008; 32(3): 244 


The following observations were made: 1) left and right ventricular CO increased with gestational age (Spearman 
tho = 0.8, P < 0.001); 2) however, CO expressed as a function of estimated fetal weight did not change with 
advancing gestational age (LV CO: r, = -0.06, P = 0.5; RV CO: r, = -0.03; P = 0.8); and 3) intra- and inter-observer 
coefficients of variation were 2.3% and 4.0%, respectively. Therefore, we found that fetal CO can be reproducibly 
estimated with 4D echocardiography, using STIC and VOCAL™ techniques. 


An area of future investigation that may be applicable to the fetus was studied by Pemberton ef al. in 50 
pediatric/adult patients (Pemberton JASE 2005) [40]. Pemberton et al. investigated the use of real-time color 
Doppler 3D echocardiography (xMatrix™ probe) to calculate SV, and compared this to 2D pulsed Doppler 
measurements. Using 3D Doppler data, flow volumes were calculated using specially designed computer software. 
There was excellent correlation between the SV obtained from live 3D echocardiography and 2D Doppler (r° = 0.90; 
p < 0.001, standard error of the estimate = 6.98 mL). 


CONCLUSIONS 


Quantifying ventricular volume and calculating cardiac function parameters reliably is important in assessing 
cardiac function, as well as the severity and prognosis of cardiac disease. Both two- and three-dimensional 
echocardiography have been used for these purposes, but have limitations. Four-dimensional echocardiography 
appears to overcome most of the pitfalls of traditional methods. It avoids geometric assumptions, is less susceptible 
to measurement errors, and has proven to be a feasible method to assess fetal cardiac function. Moreover, the 
performance of 4D STIC is uncomplicated and rapid. Using this technology, normal reference ranges of ventricular 
volume (end-diastolic and end-systolic), stroke volume, cardiac output, and ejection fraction throughout gestation 
have been generated. STIC promises to be part of the methodology used to assess fetal cardiac function. Further 
studies, however, are needed to determine the behavior of fetuses with abnormal cardiac function, and to correlate 
this with adverse perinatal outcome. 
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CHAPTER 17 


Feasibility, Technique and Potential Role of Fetal Cardiovascular MRI: 
Evaluation of Normal Anatomical Structures and Assessment of Congenital 
Heart Disease 


Lucia Manganaro*, MD, Marco Di Maurizio, MD and Sara Savelli, MD 


Dept of Radiology, Universita di Roma “La Sapienza” Rome and *Ospedale Meyer Florence Italy 


Abstract Fetal magnetic resonance imaging (MRI) is a third-level diagnostic tool for the study of fetal 
malformations and has been applied in the diagnosis and definition of fetal central nervous system (CNS) and 
other fetal, placental and uterine diseases. Recent developments of new realtime sequences during free breathing 
without cardiac triggering have established a potential role of MRI in the study of fetal heart: MRI can study the 
morphology using steady-state free precession (TrueFISP) sequences on sagittal, coronal and axial planes, 
orthogonally oriented to the fetal diaphragm and allows to identify the viscero-atrial situs, the heart and its axis. It 
is also possible to perform a dynamic study, through the acquisition of cine-MR sequences with real-time steady- 
state free precession (SSFP) oriented according to the standard projections used in fetal echocardiographic 
scannings. At the moment, there is no evidence that short-term exposure to electromagnetic fields of 1.5 T or less 
harms the fetus. MRI can analyze the normal anatomy by transverse, long axis and angulated views to visualize 
the principal cardiac planes. There are recent evidences of a useful role of MRI in the definition of congenital 
heart disease (CHD). The study of fetal CHD can be made by direct signs such as volumetric abnormalities of the 
heart and of the cardiac chambers, abnormalities of the structure, thickness and signal intensity of the myocardial 
walls, anomalies of the cardiac axis orientation, defects of the ventricular and atrial septa and anomalies of the 
origin, size and course of the great arteries. The difficulty to recognize a “normal” anatomical structure in the 
reference projections, the increase of the vascular size before a vascular stenosis and the presence of 
cardiomegaly and pericardial effusion are instead considered as indirect signs of CHD are considered as suspect 
for fetal CHD.Despite current limitations, fetal MRI seems to be a promising diagnostic method for the 
assessment of the fetal heart. 


Key Words: Fetal MRI, Fetal Heart, Congenital Heart Disease. 
INTRODUCTION 


Fetal echocardiography is at present the most commonly used diagnostic technique to detect congenital heart diseases 
(CHD). The application of echocardiography has completely modified diagnosis, counselling, management and least 
but not last prognosis of CHD, thanks to early characterization of these diseases in the prenatal period [1-3]. 


The main limitations of fetal echocardiography are well known and classifiable as intrinsic, like the direct operator 
experience and ability-dependence and ultrasonography equipment-dependence, and extrinsic, related to mother or 
fetus, like maternal habitus, oligohydramnios, gestational age and fetal position[4,5]. 


Thanks to recent technologic development and to the availability of the ultrafast sequences, it is now possible to use 
Magnetic Resonance Imaging (MRI) as III level method in the definition of fetal malformative diseases, after 
obstetrical screening and specialized ultrasonography performed in II level centres. 


MRI examination allows a global evaluation of a case, through the analysis of both anatomy of the district of interest 
and its possible disruption expressed by modifications in signal intensity of parenchyma and affected organs. 


In particular MRI may be useful in case of complex fetal anomalies or uncertain pathological conditions, 
ultrasonography (US) may not always allow to obtain adequate diagnostic information for therapeutic management 
of pregnant patient [6,7]. 


Thanks to high spatial resolution and the multiplanar imaging, MRI turns out to be suitable for documenting fetal 
diseases, particularly useful to study central nervous district and fetal body, as it has been recently reported in many 
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papers of medical literature [8]. 


For a very long time, heart has represented an exception to the diagnostic possibilities of MRI above described, 
behaving like a real “black hole” [9]. This technical lack of fetal MRI (FMR) in representing fetal cardiovascular 
structures is due to three typologies of factors, concerning MRI method: 


Small size of fetal heart and big vessels, which make the use of high spatial resolution sequences necessary; High 
heart rate, which requires high temporal resolution sequences; High blood flow, which requires high-quality 
sequences, not susceptible to moving fluids. Sequences usually used in FMR, single shot T2-weighted, cannot 
sample the signal coming from moving blood through hearth and vessels and represent these structures as black, due 
to the absence of signal caught at that level. 


On the other hand in adult patients MRI has become the gold standard for the characterization of anatomy, 
functionality and cardiac volumetry. On this basis some authors has recently begun to evaluate the potential role of 
MRI in the study of fetal cardiac diseases thanks to the use of new real-time free-breathing sequences without 
cardiac triggering and with good temporal and blood- myocardial contrast resolution, able to offer a representation 
of the cardiac dynamics and morphology [10]. 


SAFETY 


MRI does not use ionizing radiations and up to now no detrimental effects have been shown for the fetus with 
exposition fields of 1.5 Tesla (T) or less. According to the last guidelines (Safety Committee of the Society for 
Magnetic Resonance Imaging), fetal MRI is recommended to be performed after the II trimester of pregnancy when 
other methods based on non-ionizing radiations are inadequate or inconclusive for the diagnostic characterization of 
the disease or if MRI is believed to provide critical information about therapeutic management and planning of 


pregnancy[11]. 


The main factors that can determine problems to the fetus are to be linked with three components of MRI 
equipment: magnetic field, radiofrequency and gradients. Queasiness, metallic taste and dizziness are the only side 
effects described for static magnetic fields up to 1.5 T. 


More important are, instead, problems as amniotic liquid and fetus warming, noise and peripheral nervous 
stimulation caused by radiofrequency and gradients. 


A rise of 2 °C or more in temperature has theratogenic effects to fetal central nervous system. However in vivo and in 
vitro studies on pregnant animals and human fetal samples do not show a meaningful temperature rise either on the 
maternal surface nor at fetal level, with a maximum rise value of 0.5 °C in 15 minutes and 1.5 T magnet studies. [12]. 


Neither a meaningful noise increase or auditory damages to children exposed to MRI in utero has been 
demonstrated, while amniotic liquid in fetal auditory canal has been indicated as protective factor against auditory 
damages [13]. 


Finally, turning on and off gradients during the acquisition of sequences determines mainly maternal skin surface 
warming, while the temperature decreases gradually when the distance from body margin increases. 


The only general recommendation among fetal MRI operators is to alternate high SAR sequences with low SAR 
sequences during the examination, in order to let disperse, during this gap, warm that may had been created by high 
SAR sequences[ 14]. 


RESONANCE IMAGING AND STUDY TECNIQUE 


Before performing every MRI examination an interview with the pregnant women is necessary, to ensure 
there are not common contraindications to MRI (cardiac pacemaker, metallic clips) and to collect clinical- 
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anamnestic data and to visualize ultrasound sonography and echocardiographic documentation where the 
pathological suspect originated. It is also important that medical staff obtains an informed consent; during 
this explanation a first approach have to be assessed with the patient, in order to obtain her active 
collaboration during sequences involving breathing and to explain fetal MRI performing procedures 
(duration, safety, diagnostic value). 


MRI study has to be performed at least with an 1 T magnet, but the examination will be more diagnostic using a 1.5 
T magnet. Different typologies of coils can be used depending also on the gestational age and sac length: phased- 
array or cardio multicanal surface coils are surely higher-quality because they allow to get higher signal also for 
limited longitudinal length (50-60 cm); you can also use integrated spine coils to study the body, since they allow to 
get a larger view during later gestational ages[15]. 


Pregnant patient lays comfortably and usually positioned supine or, if this position is not comfortable (compression 
of inferior vena cava, hydramnios, multiple pregnancies especially during later gestational ages), on the left side and 
she has to relax for a moment in this position in order to reduce spontaneous fetal movements. 


In some cases, in order to minimize claustrophobic feeling, the patient can be positioned in the gantry in feet-first 
position. No sedatives or contrast agents are used either for fetus or for the mother. 


If possible, it is recommendable to perform the examination in the morning, after a 4 hours fasting at least, since it 
has been proved that hypoglycemia reduces fetal movements; or, if ultrasound examination can be performed before 
MRI to assert fetal sleep or wakefulness stage, you can wait the sleep stage, taking into account that a regular fetal 
sleep-wakefulness cycle implies an alternation of this stages every 30 minutes. 


Study protocol includes the acquisition of many sequences, some of them are necessary, others can be added 
optionally according to clinical request. 


Images of each series are used as scout for the following sequences to minimize orientation problems owing to fetal 
position changes [16,17]. 


The main basic sequences used in standard fetal MRI are: 


e =A localizer sequence; 


e A Single Shot (SSh) Half Fourier or FSE acquired T2-weighted sequence with maternal coronal plane for 
identification of fetal head, rachis and stomach and localization of placenta (anterior/posterior); 


eA thin-slab (3-4 mm) SSh T2-weighted multiplanar-oriented sequence on axial, sagittal and coronal planes, 
orthogonal to the organ/district concerned, for a detailed evaluation of fetal anatomy. 


The excellent compromise among spatial and contrast resolution and signal to noise ratio (SNR) of these 
sequences, as well as their execution speed, enable an outstanding visualization of fetal anatomy during every 
stage of pregnancy and, in particular, they allow to detect static fluids and structures featured by high fluid 
composition, like hyperintense structures, allowing then the study of fetal brain, of cavities containing fluid 
(nasal and oral cavity, pharynx, trachea, stomach and proximal intestine, urinary system, gall bladder), of 
lungs, placenta and amniotic fluid (AF). gradient-echo(GRE), 2D or 3D, breath-holding T1-weighted 
sequences, with and without adipose tissue signal saturation. 


These sequences allow to recognize some organs and tissues thanks to the presence of blood, adipose tissue, 
meconium or other structures with high signal intensity on T1, enabling, in particular, to detect: thyroid or 
goitre or thyroidal ectopy; liver; intestinal meconium-filled loops (distal bowel), allowing differential 
diagnosis between urethral dilatation and megacolon; ischemic-hemorrhagic methemoglobin-filled areas and 
some encephalic structures like cortex, cerebellum and basal ganglia after the 24" week; placentar vascular 


180 Four Dimensional Fetal Echocardiography Manganaro et al. 


stasis, haematoma or thromboses. Nevertheless, because of a longer acquisition time these sequences are 
more susceptible of artefacts caused by fetal motions [10,18]. 


Fetal cardiovascular study implies the use of the abovementioned thin-slab SSh T2-weighted sequences, as 
preliminary and anatomical sequences on three spatial planes and the acquisition of:gradient-echo (GRE) steady- 
state free precession (SSFP) sequences on three spatial planes, to evaluate cardiac district and big vessels, according 
to the main views used in fetal echocardiography. 


In fact, these sequences show an intermediate T1 and T2 contrast by using ultrashort TR (< 3ms), that is not 
susceptible of motions and allow to detect moving fluids as high signal intensity structures. 


Cine-MR steady-state free precession (SSFP) with k-space sampling, radial and cartesian (2DFT) sequences, 
oriented according to standard views is also used in fetal echocardiography. 


These sequences allow to detect heart and big vessels, thus obtaining the visualization of cardiac axis, 
evaluation of regular visceral-cardiac situs, localization of cardiac chambers and simultaneous atrial and 
ventricular contraction. 


Combining SSFP with real-time technique has allowed the visualization of cardiac movement without triggering or 
synchronization with fetal heart or mother’s breath-holding. 


Usually an MRI study lasts from a minimum of 15 to a maximum of 20- 45 minutes. 


ANATOMY AND ACQUISITION TECHNIQUE 


The study of fetal heart with MRI technique is now possible by acquiring morphologic and dynamic sequences with 
multiplanar scans, using, in particular, two different techniques of anatomical planes acquisition [4,5]. 


The first technique is based on the acquisition of orthogonal view on three corporal axes (axial, coronal and sagittal) 
and multiple axial, sagittal and oblique scans, reproducing the main echocardiographic views, in particular [19,20]: 


e Transverse views (four chamber view, origin of aorta (five chambers), pulmonary outflow tract (three 
vessels), aortic arch); 


e Sagittal views (short-axis views of the left ventricle, tricuspids-aorta, long-axis of the ductus arteriosus, 
long-axis of the aortic arch); 


e Oblique view (simultaneous visualization of long-axis view of the left ventricle, aortic arch and aortic 
duct). 


The second acquisition method implies the use of views orthogonal to three corporal axes (axial, coronal, sagittal) 
and orthogonal to cardiac axes (long and short) following the technique usually performed in adult cardiac MRI 
[21]: in particular 


e Orthogonal to cardiac long-axis (long horizontal and vertical axis of the heart, four chamber view); 
e Orthogonal to cardiac short-axis (medium and basal short cardiac axis). 
Both these techniques allow to determine heart position, its size, cardiac axis orientation, evaluation of location, position 


and size of cardiac chambers, main inflow vessels (SVC, IVC and pulmonary veins) and outflow vessels (Aorta, Ao, and 
Pulmonary Artery, PA), the concordance between ventricles and outflow vessels, aortic arch course and calibre. 


Anatomical study of the heart implies systematic evaluation of cardiac orientation and volumetry, morphology and 
volumetry of cardiac chambers and the structure of myocardial walls, as well as the study of integrity of 
interventricular (IVS) and interatrial septum (IAS) with foramen ovalis (FO). 


Feasibility, Technique and Potential Role of Fetal Cardiovascular Four Dimensional Fetal Echocardiography 181 


Anatomical study of big vessels, instead, implies evaluation of origin, calibre and course of cardiac outflow vessels 
(aorta, Ao, pulmonary artery, PA) and arterial duct (AD) and evaluation of calibre and course of inflow vessels 
(superior vena cava, SVC, inferior vena cava, IVC, pulmonary veins, PV). 


In this study, we will refer to MRI views based on main echocardiographic views and a short MRI iconographic 
gallery will be shown, with anatomical structures that have to be visualized and analyzed on different acquisition 
planes. 


TRANSVERSE VIEWS 


Four Chambers (Figure 1) 


Figure 1: Showing the transverse view of the fetal thorax (RA right atrium, RV right ventricle, LA left atrium, LV left ventricle, 
IVS ventricular septum, IVA atrial septum) 


Through this view we can analyse: 
e Heart size compared to thorax (heart-thorax ratio) 
e Position of cardiac apex 
e Cardiac axis 
e Structure of cardiac chambers 
e = Atrio-ventricular valvular plane (AVP) 
e =Venticular and atrial septa 
Four chamber plane evaluates first of all atrial and ventricular chambers sizes, apex orientation, cardiac axis angle 


(about 44°) and myocardial thickness. At the moment we cannot evaluate the difference of thickness relating to 
systole and diastole. 


Myocardium shows a typical hypointense signal. In particular, myocardial wall of the left ventricle is thicker, more 
uniform and hypointense, while it appears thinner, jagged, porous in the right ventricle. It is not always possible to 
document the moderator band of right ventricle apex. There are many opposing opinions about it in literature. Its 
bad visualisation is an MRI limitation in assessing viscera-atrial situs. Ventricular septum is well visible and its 
thickness and signal intensity are equal to ventricular walls. 


Ventricles appear basically symmetric, triangle-shaped, more strengthen the left one, more enlarged the right one. 
Papillary muscles can be detected especially when they are hypertrophic in a condition of myocardial hypertrophy. 
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Atrioventricular valves are only indirectly detectable and they appear like a thin hypointense line, called 


atrioventricular plane. Atrial myometrium is thin and symmetric and atrial septum appears as a hypointense line, 
better visible only after the II trimester of pregnancy. 


Aortic Origin (Figure 2) 


Figure 2: Five chambers; black asterisk Aorta origin 


By this view, we can analyse the origin of the aorta from left ventricle, in the middle of the heart, as well as the 
structures of abovementioned views. 


Pulmonary Outflow Tract (Figure 3) 


Figure 3: Three Vessels; SVC superior vena cava, AAo ascending Aorta, PA pulmonary artery-common tract, DArt Ductus 
Arteriosus) 


It allows the evaluation, from right to left, of superior vena cava, aorta and pulmonary artery and the part of aortic 
duct that links PA to descendent Ao. 


SAGITTAL VIEWS 


Long-axis of the aortic arch (Figure 4) 
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Aortich arch 


Figure 4: Long axis view of the aortic arch (superior vena cava SVC). This view shows both aorta arch and superior vena cava. 
Short-axis view of the left ventricle (Figure 5) 
Figure 5: Short axis view of the left ventricle 


This view of the left ventricle allows a good evaluation of myocardial thickness, of the outflow tract of pulmonary 
artery and ventricles position. 


Tricuspids-Aorta View (Figure 6) 


Figure 6: Tricuspids-aorta view (IVC inferior vena cava). 


It allows to evaluate the position of right cardiac chambers and IVC and SVC inflow tract 
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Aorta Outflow Tract (Figure 7) 


Ao“ i \ 


Ductus arteriosus 


Figure 7: Long-axis view of aortic duct 


This view allows the visualization of PA that connects with Ao through aortic duct. This forms an arch that links the 
descendent aorta. 


Long-Axis View of the Aortic Arch (Figure 8) 


Ao Arch 


Figure 8: Long axis view of the aortic arch (white asterisk Pulmonary Artery) 
This view shows the aortic arch on long axis with the origin of three epiaortic vessels. 


OBLIQUE VIEWS 
Long-Axis View of Left Ventricle (Figure 9) 


Vn 


Aortich Origin 


Figure 9: Long axis view of the left ventricle 
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This view visualizes outflow tract and the aorta at the origin and in its ascending tract. 


Arch and Aortic Duct View (Figure 10) 


Ao Arch 


/ 


n 


Figure 10: Arch and aortic duct view (DA ductus arteriosus) 
It allows to visualize simultaneously arch and aortic duct and to compare their calibre and course. 


Obviously, anatomical evaluation of heart and big vessels has to imply a simultaneous detecting of thoracic 
structures (thymus, lungs, trachea and oesophagus) and well detectable epiaortic vascular 


STRUCTURES 
Auxologic data about the evaluation of cardiac structures are not yet available, being the MRI study of fetal heart 
quite recent. Nevertheless, first results show that data are equivalent to echocardiographic biometry data. A 


summary of the main views is reported in Tab 1. 


Table 1. Summarizing table of main MRI/echocardiographic views 


MRI/ECHOCARDIOGRAPHY VIEWS VISUALIZED ANATOMICAL STRUCTURES 


Heart size compared to thorax 
Position of cardiac apex 
Cardiac axis 
Cardiac chambers structure 
AV valvular plane 
Ventricular and atrial septum 
Transverse 4 chambers + position and connection of the aorta at the origin with the 
5 chambers h 
eart 
Superior vena cava 
Aorta 
Pulmonary artery 
PA that connects to the Ao via the ductus, forming a ductal arch 
Long-axis of aortic arch Ao arch and SVC 
myocardial thickness 
Short-axis of left ventricle PA outflow tract 
Position of ventricles 
Position of right cardiac chambers 
Sagittal Tricuspids-aorta IVC and SVC outflow tract 
Aorta outflow tract 
Long-axis of aortic duct PA connects to descending Ao via aortic ductus 
Aortic arch on long axis with the origin of three epiaortic vessels 
Left atrium 
Long axis of left ventricle Inflow tract and aorta at the origin and in its ascendant tract 


4 chambers 


3 vessels 


Long-axis of aortic arch 


Oblique Arterial arch and aortic duct Simultaneous view of Ao arch and AD arch 
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PATHOLOGY 


According to the last studies published in literature, the fetal MRI of cardiovascular district and congenital cardiac 
diseases in utero is feasible and it is likely to be successful in the future, even though several technical limitations, 
only partially solved, still exist. 


One of the first meaningful data about MRI study concerns its improved diagnostic accuracy during later ages of 
pregnancy compared to echocardiography, which is well known to be affected by limitations concerning the 
reduction of acoustic window (physiologic oligohydramnios) and gradual calcification in fetal ribs that impairs US 
propagation. 


MRI study in cases of complex cardiac anomalies is certainly more difficult to arrange and understand: serious 
malrotation anomalies or severe ventricular hypertrophy may change normal heart geometry, thus requiring 
sequences oriented on new anatomical planes to be obtained during the examination itself. As a consequence longer 
acquisition time and sometimes sequences repetition until the correct standard anatomical view is obtained are 
necessary. 


In MRI studies detailed knowledge of fetal cardiovascular district is fundamental and a training to learn how to 
perform and report an examination is necessary [22]. 


Some of the main limitations concern the impossibility to study by MRI cardiac rate alterations and to make 
hemodynamic evaluations of valve-based diseases (ex. incontinence, reflux), which can be only assumed once they 
have determined an anatomical alteration. 


Cardiac contractility and valvular functionality, in fact, cannot be reliably evaluated by MRI. Technical 
impossibility of triggering fetal heart beat and still limited temporal resolution of current cine-MR sequences (2-3 
frames per second) do not allow to analyse real-time cardiac functionality The acquisition of cardiac movements is 
artificial, and their speed depends on the duration of acquisition of slices and not on the real velocity of 
atrioventricular movements. 


In this research, we have tried to highlight the possibility to identify the main pathological aspects of congenital 
cardiovascular malformations and to create, starting from the experience and dictates of echocardiography, a new 
MRI semeiotics for the main congenital heart diseases. 


MRI: Direct and Indirect Signs 


The approach to the study of congenital heart diseases in echocardiography is usually based on sequential evaluation 
of anatomical structures and, in particular, it consists in building, during the examination, an anatomical sequence 
formed by atria, ventricles and great heart vessels, thus defining atrial situs, atrioventricular and ventricular-arterial 
concordances [23,24]. 


Classification of congenital heart diseases is based on anatomical-clinical aspects. According to these we can 
generically classify diseases in 4 main groups: 


e With pulmonary hypoinflow (Pulmonary Stenosis, Tetralogy of Fallot, Tricuspid Atresia, Tricuspid 
Ebstein’s Anomaly) 


e With pulmonary hyperinflow (interatrial septal defects, IAD, interventricular septal defects, IVD, 
atrioventricular septal defects, truncus arteriosus, TA, and Aorto-Pulmonary septal defects) 


e With pulmonary normal inflow (anomalous systemic and pulmonary venous returns, Ao coarctation, 
correct Transposition of the Great Arteries, aortic Stenosis) 


e Duct-dependent (pulmonary atresia of ventricular septum (VS), Transposition of great arteries, mitral-aortic 
Atresia, Interruption of the aortic arch) 


The correct approach to identify CHD requires first a screening examination, performed through routine obstetric 
ultrasonography, where 4 chamber view and outflow vessels view are visualized. In case of abnormal heart 
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visualization or in presence of specific risk factors for congenital heart diseases, depending on familiar, personal or 
fetal history, a II level examination such as echocardiography considered the gold standard for congenital heart 
disease diagnosis, is necessary. Echocardiography have to be performed in specialist centres by paediatric heart 
specialists or obstetric gynaecologists with specific training. 


MRI methods can be defined as a III level method that only patients with echocardiographic suspect of 
cardiovascular disease can undergo [25]. 


MRI diagnosis of simple and complex malformative diseases of fetal heart is based on a integrated evaluation of 
direct and indirect signs of cardiac anatomy alteration. 


We consider direct signs of cardiovascular disease the following aspects: morpho-volumetric anomalies of cardiac 
chambers and myocardium, malrotations, septal defects and anomalies of the origin, course and calibre of great 
vessels; while we consider indirect signs the absence of anatomical structures in the preliminary view, the 
prevascular calibre increase due to to stenosis, the presence of cardiomegaly or pericardial effusion. 


On the basis of these preliminary considerations we can classify MRI congenital heart diseases in three groups: 
diagnosable by the identification of direct signs, diagnosable by the identification of indirect signs or more often 
diagnosable by the identification of both typologies of signs [26]. 


Direct signs: 
Ventricular septum defects both isolated and associated like in tetralogy of Fallot or truncus arteriosus are directly 


visualized as a solution of continuity of septum into infundibular, membranous or muscular part (Fig. 11), in 
particular by the acquisition of 4 chambers views and short-axis sagittal view of left ventricles. It is not always easy 
to distinguish an isolated IVD from other multiple and contiguous IVDs, especially in case of complex pathologic 
conditions. 


Figure 11: A millimetric solution of continuity of ventricular septum into muscular part, well showed by the acquisition of 4 
chambers views (a) and short-axis sagittal view of left ventricle (b). 


In complete atrioventricular canal, a great defect of IVS and IAS, for example, crux septum-primum, with 
disappearance or anomalous representation of atrioventricular plane, are considered direct diagnostic elements, even 
though valves cannot be visualized. Defining defect balancing or misbalancing depends on morpho-volumetric 
evaluation of two ventricular chambers and on the analysis of signal and myocardial thickness. 


Hypoplastic left heart syndrome (Fig. 12) is detected also by MRI as a volumetric reduction of both cardiac left 
chambers till they become virtual volumes, with right ventricle forming the cardiac apex; there are also other direct 
signs concerning the calibre of Aorta, which appears particularly reduced at the arch level, and of the aortic duct, 
which appears increased in oblique view of the arch and aortic duct (in cases of duct-dependence of systemic 
circulation). Particularly useful are dynamic sequences that allow to detect small cavity of hypoplastic ventricle, 
that, due to its stuck walls, is sometimes undetectable with static sequences. 
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In situs inversus the position of heart and stomach on the right side is easily detectable, first of all by the position of 
fetus compared to the mother, thus defining right and left sides of fetus itself. In case of heterotaxic syndromes, 
instead, making differential diagnosis might be more complex. 


Figure 12: Hypoplastic left heart syndrome. Volumetric reduction of both cardiac left chambers till they become virtual volumes, 
with right ventricle forming the cardiac apex, on 4 chambers view (a) and coronal plane (c), in diastolic (d) and systolic phases 
(e); there are also other direct signs concerning the calibre of Aorta, which appears particularly reduced at the arch level (f) and 
of the aortic duct, which appears increased in oblique view of the arch and aortic duct (in cases of duct-dependence of systemic 
circulation) (b). 


Anomalies of the origin (transposition of great vessels, overriding aorta, balanced truncus arteriosus) and course of 
great vessels (right-sided aortic arch) are all visualized by direct characterization of the vessel/s with anomalous 


origin or course. (Table 2, Figs. 13 and 14) 


Table 2. Direct signs of morpho-volumetric anomalies 


MORPHO-VOLUMETRIC ANOMALIES 
Cardiomegaly 


Left heart hypoplastic syndrome 


VS defects (isolated and associated) 


Tricameral biventricular heart 


Situs ambiguous with right isomerism 


Complete atrioventricular canal 


Myocardial anomalies 
(ex. Spoungious cardiomyopathy, myocardial hypertrophies) 


Left-malrotation 
Right-malrotation 


Tuberous sclerosis 
(Multiple rhabdomyomas) 


Pericardial effusion 


DIRECT MRI SIGN 
Cardiac- thoracic perimeters ratio inferior to 1/3 


Volumetric reduction of both left cardiac chambers till they 
become virtual volumes and right ventricle forming cardiac 
apex 

Solution of continuity of septum in infundibular, 
membranous and muscolar part 


One large atrial chamber and two ventricles 


Stomach on the right side, transversalized medium liver, 
medium heart with apex on the left side and normal ventricles 
localization 


Large VS and AS defect (crux septum primum) with 
disappearance of atrioventricular plane 


Myocardial walls thickening compared to expected value 
considering gestational age according to normograms, acute 
signal hypointensity, more compact structure of myocardial 
wall, hypertrophic papillary muscles 


Inclination angle of cardiac axis superior than 55° or inferior 
to 35° to meridian sagittal line 


Multiple hypointense nodularities spread through myocardial 
walls 


Hyperintense fluid pericardial > 2 mm thickness 
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Figure 13: Right-sided aortic arch. The arch coursed from right to right directly posteriorly to join the descending Ao on the 
axial and coronal planes detected a right-sided aortic arch; 


Figure 14: Right-sided aortic arch. Ascending Ao shows a normal origin and the descending tract crossed the midline at the level 
of diaphragmatic hiatus and lied just to the left of the abdominal spine. 


In the transposition of the great arteries (TGA) (Fig. 15, 16 and 17) MRI allows to evaluate, by integrating dynamic 
and static sequences, the origin and the course of PA and Ao and ventricle-arterial discordance. 


Defining a condition of correct transposition of great arteries (CTGA) might be more complex, especially during 
earlier gestational ages since it is more difficult to find the moderator band and consequently RV; through direct and 
indirect signs, instead, frequent associated anomalies, as, for example, large IVD and VA plane anomalies (direct) 
and right outflow tract obstruction (indirect), can be documented better. 


Figure 15: Complete transposition of the great vessels (TGA) with left ventricle hypoplasia and PA atresia. Transverse planes 
show the Ao (white arrow) arising from the RV (a), continuing into the arch (b,white asterisk Aortich arch, white arrow superior 
vena cava) and the descending tract that lies on the correct left side of the spine (white arrow in c), direct signs of TGA; 
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Figure 16: Complete transposition of the great vessels (TGA) with left ventricle hypoplasia and PA atresia.) Left ventricle 
appears particularly reduced of volume (white arrow in a) and on the three vessels view is not visualized PA and ductus 
arteriosus, indirect signs of PA atresia (white arrow in b) 


Figure 17: Complete transposition of the great vessels (TGA) with left ventricle hypoplasia and PA atresia.) Normal inflow in 
the right atrium of SVC and IVC with increased calibre 


Also in Truncus arteriosus, through the integration of direct and indirect signs, we can define better direct 
visualization of a single cardiac outflow vessel (Fig 18 and 19) as well as the general pathological condition, by 
characterizing, in particular, the right position of the aortic arch and its potential interruption, its agenesis or AD 
dilatation, potential IVD (direct) and truncal valve stenosis that determines dilatation of ventricular chambers 
(indirect). 


Figure. 18: Truncus Arteriosus type 2. The image on axial planes shows: a unique efflux vessel overriding the ventricles (truncus 
arteriosus, TA, white arrow). 
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Figure. 19: Truncus Arteriosus type 2. The image on axial planes shows: a unique efflux providing both the lungs (right and left 
pulmonary artery) (white arrows) and continues the same way of the aorta. 


The main direct signs of hypertrophic cardiomyopathy are: increase of myocardial walls thickness compared to 
expected value, considering gestational age (measured from endocardiac surface to epicardiac surface), acute signal 
hypointensity and more compact structure of myocardial wall, together with hypertrophic papillary muscle; the 
diagnosis of this primitive disorder of cardiac muscle is proved by echocardiography, which excludes mechanic and 
valvular causes. 


The anomaly of origin and course of PA and Ao together with morpho-volumetric alteration of ventricles allows to 
recognize a condition of double-exit right ventricle (Fig. 20) and in particular: both outflow vessels origins mainly 
from right ventricles, showing an anomalous course, basically parallel, which is often associated with discontinuity 
of atrioventricular plane and IVD. 


Figure. 20: Double-exit right ventricle. and in particular: both outflow vessels (white asterisk Aorta, white arrows PA) origins 
mainly from right ventricles, showing an anomalous course, basically parallel, which is often associated with discontinuity of 
atrioventricular plane and IVD. 


In case of tuberous sclerosis, identification of common cardiac hamartomas (Fig. 21 and 22) by RMI is direct. They 
are spread more frequently in left ventricle or along IVS and with movable cardiac walls, as you can see in dynamic 
MR-cine sequences, and appear acutely hypointense in T2-weighted sequences and EGR sequences and 
hyperintense in Tl-weighted sequences; moreover, thanks to multiplanarity and multiparametricity of the method, 
also subependimal nodules along cerebral ventricles and in Monro’s foramen are easily detectable and identifiable. 
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Figure. 21: Tuberous sclerosis. The SSh T2 weighted images on the coronal plane (a,b,c) and T1 weighted with Fat Saturation 
image (d) on axial plane of the fetal head detect small subependymal nodules; 


Figure 22: Tuberous sclerosis The gradient-echo (GRE) steady-state free precession images on the transverse (a) and long-axis 
(b,c) planes show a big nodular hypointense lesion localized on the right Atrioventricular valvular plane (white arrows). 
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Indirect Signs 


Vessels calibre anomalies and valves anomalies (Ao coarctation, pulmonary atresia/stenosis, mitral-aortal disease, 
tricuspid atresia) are basically revealed by indirect signs, in particular dilatation of cardiac chambers caused by 
vessel stenosis and post-stenotic dilatation. (Tables 3, 4) 


Table 3. Indirect signs of valvular and great vessels anomalies 


VESSELS CALIBRE ANOMALIES / 


INDIRECT SIGN 
VALVULAR ANOMALIES 


Pul i RV dilatation and hypertrophy 
ulmonary stenosis Boney i 
1 + lack of visualization of right outflow tract and PA 


RV dilatation + direct signs 
Tetralogy of Fallot : Pao atten 
Pal (eae. isi + reduction or lack of visualization of 
ulmona: e oplasia 
2 ae right outflow tract and PA 


: LV dilatation and bad visualization of 
Coarctation of the Aorta 
ascendant Ao and Ao arch 


Tricuspids atresia RA dilatation 


LV volumetric reduction with myocardial hypertrophy and 


Ne anni disease episodes of slowing and turbulence of blood flow 


Table 4. Indirect signs of anomalies of the origin and course of great vessels 


ANOMALIES OF THE ORIGIN AND COURSE OF 
GREAT VESSELS MRI DIRECT SIGN 


One single arterial outflow vessel 


Balanced truncus arteriosus : 
that overrides VS 


Ao originates from RV and PA originates from LV in heart 


Complete transposition of great arteries : 3 $ 
p P 8 with normal atrio-ventricular concordance 


Overriding aorta middle-placed origin of Ao, 
(Tetralogy of Fallot, IVD) overriding VS and two ventricles 
Right-positioned aortic arch Aortic arch with right- to-left course 


Aortic arch and PA hypoplasia are directly visualized by detecting with standard views corresponding vessels, 
characterized by small sizes compared to surrounding vessels, even though differential diagnosis excludes an 
outflow obstructive disease of corresponding ventricles. 


Since we cannot rely on a correct MRI evaluation about blood flow direction and characteristics, characterizing 
correctly this homogeneous group of heart diseases is more difficult. 


In aortic coarctation it is possible to determine different typologies of obstruction related to the origin of epiaortic 
vessels (distally to left subclavian artery, between common left carotid artery and subclavian artery and between left 
common carotid and right truncus arteriosus) especially associated to indirect calibre increase or decrease. 


The main indirect signs of diagnosis of aortic stenosis are volumetric alteration of left ventricle, potential dilatation 
of right ventricle, myocardial wall thickening, generalised hydrops and growth retardation. 


In pulmonary atresia/stenosis conditions the main MRI signs are volumetric alteration of right ventricle (mainly 
increase), together with right atrium widening and myocardial hypertrophy, reduction or lack of visualization in 
preliminary views of right outflow tract and PA. (Fig. 23, video 1 
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Figure. 23: Volumetric widening of right ventricle and atrium with lack of visualization on axial and coronal views of right 
outflow tract and PA (indirect signs) 


It is important to notice that in every gestational age the evaluation of smaller vascular structures, like pulmonary 
veins, is more difficult, probably because of limited spatial resolution, and it is also more difficult to detect cardiac 
outflow vessels during earlier gestational weeks, probably because of their small sizes and because of increased fetal 
motion during MRI acquisition noticed during these gestational ages. 


CONCLUSIONS 


The use MRI in evaluating fetal heart still reveals some diagnostic limitations secondary to two typologies of 
factors: intrinsic and extrinsic. 


The first intrinsic limitation concerns technical problems: it is still necessary to develop the equipment in order to 
overcome some lacks such as the low spatial and temporal resolution. Because of these limitations it is not possible 
to reproduce or give direct information about valvular or rate diseases. 


The second extrinsic limitation is the still limited experience that is based on the few data still available in the 
literature. Multicentric studies are therefore necessary to acquire more experience, to construct biometric reference 
limits and generate diagnostic guidelines. 

In the immediate future the use of dedicated sequences, with potential pseudo-angiographic study, might open new 
horizons. Similarly the application of new 3T magnet field equipments might increase spatial resolution. New 
possibilities of therapeutic treatments during prenatal period will undoubtedly require further efforts to reach higher 
image quality. 


These will be our future challenges. 


At the moment MRI can be performed in accurately selected cases, for unsure or multi-organ disease, where 
accurate counselling is necessary to plan clinic therapeutic iter of baby patient. 
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CHAPTER 18 


Conclusions and Future Developments 


Giuseppe Rizzo and Domenico Arduini 
Department of Obstetrics and Gynecology, Universita Roma “Tor Vergata”, Italy 


Abstract Despite the dramatic improvement in the quality of diagnostic ultrasound Congenital Heart Disease 
(CHD) are the most common and less frequently diagnosed prenatally anomalies. This is mainly secondary to the 
difficulties in training expert and dedicated sonographer in the study of fetal heart. Four dimensional (4D) 
sonography may overcome operator dependency allowing offline 4D examination of the fetal heart. This 
approach opens the possibility of performing a virtual echocardiography in fetuses at high risk or suspected to be 
affected by a CHD through networking capabilities. As a consequence virtual echocardiography may allow to 
extend the benefit of advanced of cardiac examination in patients followed in peripheral centers thus reducing the 


number of unnecessary referral to tertiary centers. 


Key Words: Congenital Heart Disease, Screening, 4D Echocardiography, Spatiotemporal Image Correlation (stic), 
virtual Echocardiography. Virtual Reality. 


Congenital heart disease (CHD) are the most common structural anomalies, commonly estimated to be 8/1000 
live births (chapter 1). Despite their high prevalence and the clinical importance of their identification during 
pregnancy, thus allowing to evidence associated structural and genetic and to improve the perinatal outcome, 
the results of the screening programs up to now reported are far from to reach acceptable levels of diagnostic 
efficiency (chapter 2). 


A detailed study of fetal cardiac anatomy (chapter 3) improve the possibility of diagnosing CHD, but the 
degree of experience of the sonographer has a significant impact on the quality of the examination of the fetal 
heart and as a consequence of the rate of detection of major CHD. Indeed, it has been shown that the learning 
curve of a sonographer already confident in obtaining the four chamber view to properly visualize also the 
outflow tracts requires a training time of up to 3 years [1]. 


The revolution in diagnostic ultrasound occurred with the advent of four dimensional (4D) applications may 
overcome these problems of operator dependency allowing offline 4D examination of the fetal heart. The use 
of the SpatioTemporal Image Correlation (STIC) algorithm allows examination of the fetal heart within a real- 
time 4D volume, displaying the cardiac cycle in a cineloop. With this technique it is possible to acquire a 
volume starting from the standard four chamber view of the fetal heart and then off line navigating inside the 
volume in a multiplanar way obtaining all the diagnostic planes necessary. We recently described a technique 
of analysis , the “3 steps technique” (Fig. 1), that makes it possible to obtain in less than 1 minute the four 
chambers view and the outflow tract views. (2). 


In video 1 the three simple steps of scrolling and rotation on Y axis are shown (in this example the total 
amount necessary to complete the heart study was 25 seconds) 


In this way every examiner able to obtain a four chamber view of the fetal heart may acquire a volume cardiac 
datasets. Once acquired, the “digital heart” can be examined by searching the conventional planes (e.g. outflow 
tracts) or to obtain offline any other virtual cardiac plane (e.g. en face view of the ventricular septum), views of the 
fetal heart that are difficult or impossible to obtain with conventional 2D ultrasound. 
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Figure 1: (video 1) Possibility of obtaining the outflow tracts from the 4 chamber view using the “3 steps technique” [2] from 
acquired 4D cardioSTIC volume data sets. 


This approach can be also used to avoid unnecessary referrals for echocardiography to tertiary centers. Indeed the 
prevalence of CHD in pregnant women with traditional risk factors is extremely low and as shown in Fig. 2. 


m familiar 
= maternal 


Figure 2: Prevalence of CHD in the population referred to the Department of Obstetrics and Gynecology Universita di Roma Tor 
Vergata according to the risk factor 


In our experience 88% of CHD diagnosed were found when a fetal risk factor was present while the prevalence is 
extremely low when maternal or familiar risk factors are the indication of referral. Of interest is that among fetal risk 
factor the two most effective risk subcategories were the abnormalities in second and first trimester (nuchal 
translucency NT) screenings (Fig. 3). 


= abnormal 
screening 


8 abnormal NT 


“ extracardiac 
malformations 


= others 


Figure 3: Prevalence of CHD in the population referred to the Department of Obstetrics and Gynecology Universita di Roma Tor 
Vergata among fetal risk factors. The most frequent subgroups were abnormal second trimester screening (blue) and increased 
nuchal translucency (red) 
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The availability of a cardiac volume datasets acquired properly may allow to perform a virtual echocardiography. 
This may be performed off-line after the end of the examination of the patents directly by the sonographer or 
supervised by an observer with more detailed experience. In fetuses suspected to be affected by a CHD or with 
“classical” risk factor (i.e. familiar, maternal) the cardiac volume can be sent using internet networking capabilities 
to a referral center [3]. This approach has been already proved particularly efficient in countries in which patients 
are screened far from referral centers [4, 5]. 


Virtual echocardiography allows to extend the possibility of having an advanced cardiac examination to pregnancies 
followed in peripheral unit and avoid unnecessary referral. This approach allows also the identification of patients in 
which the referral is indicated for performing a conventional echocardiography in tertiary unit. (Fig. 4). 


abnormal 
screening 


Virtual 
echocardiography 


echocardiography 
referral center 


Figure 4: Flow chart of the admission criteria to conventional echocardiography in presence of the possibility of performing a 
virtual fetal heart examination using internet networking capabilities to a referral center. 


In the near future, by using the new diagnostic advances allowed by 4D ultrasonography, it will become possible to 
refer only selected patients to experts team in fetal cardiology where a detailed antenatal diagnosis can be obtained 
and a multidisciplinar discussion done with the parents regarding the risks, surgical intervention required and long- 
term outcome (Fig. 5). 


Figure 5: Diagnostic steps to be followed in the management of a fetus with CHD 


Further future developments will be dependent by the technology available but there are already some evidences of 
the possibility to generate non-linear virtual reality object movies of volume images acquired prenatally [6]. Virtual 
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reality have been currently applied to assist in complex surgical procedure in medical imaging and education and 
there is no doubt that will be applied in the near future also to the study of the fetal heart. 
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